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Abstract 
 
The playing surface has a great influence on the outcome of a sport. It has a 
significant effect on the ball behaviour and the technical performance of skills of 
the sports participants, but it also impacts on their safety. This research is 
focused on the interaction of humans with natural turf pitches (NTPs). The 
project research integrates human body, and soil, mechanics in a laboratory 
environment by means of new technology and methodology to provide new 
understanding of this interaction. 
 
In a biomechanical study carried out using a portable pitch system, stresses 
and movements for nine male players performing running and turning 
movements on sand-based and clay-based NTPs revealed significantly greater 
peak vertical rate-of-loadings (dFzmax) and peak pressure rate-of-loadings 
(dPmax) for the sand compared to the clay-based condition. 
 
A further soil mechanical study to determine how the dynamic inputs from 
players affected the behaviour of those surfaces concluded that soil mechanical 
parameters such as moisture content and dry bulk density have a significant 
effect on the dynamic stiffness of the surface and that sand-based pitches have 
a significantly greater intrinsic stiffness than clay-based pitches explaining the 
observed biomechanical loading rate results. 
 
The research provides a step forward in the attempt to understand how humans 
interact with sports surfaces and how the surfaces respond. It highlights the 
importance of the elastic-plastic stress-strain behaviour of soils (or the soil-turf 
matrix) in response to stresses applied by humans and the difference in 
mechanical behaviour between sand and clay-based pitches. The findings of 
this research will inform sports engineers about the advantages of integrating 
biomechanical and soil mechanical data and lead them to ensure that surfaces 
that are safe to play and do not hinder the quality of the game by providing 
reasonable wear resistance, stiffness and traction values. 
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Amax   Peak foot contact area (mm-2) 
Ā  Mean foot contact area (mm-2) 
Āboot  Mean boot contact area (mm-2) 
D   Constrained elasticity modulus (kPa) 
E   Elasticity modulus or Young’s modulus (kPa) 
Fx  Medial-lateral GRF (kN, BW) 
Fy  Anterior-posterior GRF (kN, BW) 
Fymax   Peak horizontal GRF (kN, BW) 
(Fy / Fz)max Peak ratio between horizontal and vertical GRF 
Fz  Vertical GRF (kN, BW) 
Fzmax   Peak vertical GRF (kN, BW) 
G  Shear modulus (kPa) 
K  Bulk modulus (kPa) 
K0   Coefficient of lateral pressure 
Pmax  Peak foot pressure (kN mm-2, BW mm-2) 
PFmax  Peak fore-foot pressure (kN mm-2, BW mm-2) 
PRmax  Peak rear-foot pressure (kN mm-2, BW mm-2) 
c   Cohesion (kPa) 
dhzi  Initial vertical heel impact velocity (m s-1) 
dFzmax  Peak vertical rate-of-loading GRF (KN s-1, BW s-1)  
dFymax  Peak horizontal rate-of-loading GRF (KN s-1, BW s-1)  
dPmax  Peak foot pressure rate-of-loading (kN mm-2 s-1, BW mm-2 s-1) 
dPFmax  Peak fore-foot pressure rate-of-loading (kN mm-2 s-1, BW mm-2 s-1) 
dPRmax Peak rear-foot pressure rate-of-loading (kN mm-2 s-1, BW mm-2 s-1) 
kd  Secant dynamic stiffness modulus (kN m-2, kPa) 
kdmax   Steady-state dynamic stiffness (kN m-2, kPa) 
p   Mean normal stress  (kN m-2, kPa) 
q   Stress difference or the deviator stress (kN m-2, kPa) 
qmax  Peak deviator stress  (kN m-2, kPa) 
t  Times of occurrence (s) 
α  Angle of the plane of failure (deg) 
αi  Ankle joint angle (deg) 
αmax   Peak ankle joint angle (deg) 
εa   Axial strain (%) 
εmax  Maximum strain (%) 
εemax   Maximum elastic strain (%) 
εpmax   Maximum plastic strain (%) 
εs   Shear strain (%) 
εv   Volumetric strain (%)  
θm   Gravimetric moisture content (%) 
θv  Volumetric moisture content (%) 
κi  Knee joint angle (deg) 
κmax  Peak knee joint angles (deg) 
ν  Poissons’s ratio 
ρb  Dry bulk density (g cm-3) 
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σ’  Effective stress (kN m-2, kPa) 
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φ  Angle of friction (deg) 
φi  Initial foot angle (deg) 
dφmax  Peak foot angular velocity (deg s-1) 
dαmax  Peak ankle joint angular velocity (deg s-1) 
dκmax   Peak knee joint angular velocities (deg s-1) 
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1.   INTRODUCTION AND RESEARCH AIM 
1.1. Introduction 
 
The British Government has set the target (DCMS, 2001) to encourage the 
population to exercise more as a way to increase social inclusion, reduce crime 
and enable adult exercise to reduce the demands on the National Health 
Service. This objective is important in the context of this work as an increased 
rate of participation in sport must not be followed by an increase in the number 
of injuries from participation in sport. 
 
It is known that the playing surface has a massive influence on the sport 
outcome. Whether the surface is soft or hard, wet or dry, fully grassed or bare, 
flat or sloping, smooth or uneven all have a significant effect on the technical 
performance of skills and the safety of the sports participants. It is therefore 
necessary to ensure that sports surfaces are not a safety risk to player. 
 
Something that a sport surface must not do is to negatively affect the quality of 
the game. Hence, safety should be achieved whilst enabling participants to play 
at the best of their ability. The roll of the ball cannot deviate due to variations in 
surface quality, and players must be able to judge how far a ball will roll with the 
strength of a kick. Likewise, when the ball is in the air its landing should be 
consistent and predictable. The aim of sports engineers is not simply to provide 
a surface that is attractive to the public but also a surface that allows good play 
throughout the year and minimises the risk of injuries. Groundstaff have an 
important management role as a poorly maintained surface can also affect 
player skills and safety. 
 
It is evident that targets for maintenance and playability will be different for a 
community-level sports field managed by a local authority than for a 
Premiership-standard pitch, and this will be a direct consequence of the budget 
available. However, injury issues are not exclusive to the professional game 
and therefore any sports surface must be safe to play on.  
 
The demands pointed out above have accelerated the move towards a science-
based approach to sports surface design, construction and management that 
has been slowly occurring in the sports industry for some time. 
 
Present research related to sports surfaces has been focused on the effect of 
artificial surfaces on the human participant, stimulated by the perception that 
synthetic surfaces cause more injury to the participant than natural surfaces. 
Nevertheless, little is understood about how humans respond to a natural turf 
surface because it is difficult to incorporate natural soil media and sustain turf 
growth in a laboratory environment. The fact is that each surface has its pluses 
and minuses, and choosing can be difficult sometimes. However, bearing in 
mind that the proportion of natural to synthetic surfaces in the UK at present 
time is around 10:1 (IOG, 2008), research to achieve the above mentioned 
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demands should be carried out on both synthetic and natural sports surfaces to 
understand the mechanisms behind injury. 
 
This research project is focused on natural sports surfaces and more precisely 
on the human-natural sports surface interaction, and will provide another step 
forward in the attempt to understand how to ensure a surface that is safe to play 
on and would not hinder the quality of the game. The project will overcome 
some of the challenges previously mentioned by means of new technology and 
methodology to integrate body and soil mechanics in a laboratory environment 
to provide new and unique understanding about the interaction between 
humans and natural sports surfaces. 
 
1.2. Aim and objectives of the research project 
 
The aim of this study is to increase understanding of human-natural sports 
surface interaction to inform sport engineering about how the use of more 
sustainable natural surfaces can be improved to provide facilities for increased 
participation in sport with minimum injury risk. 
 
To achieve the aim of the research, the following key objectives are addressed: 
 
1) To conduct a mechanical characterization of two natural sports surfaces. 
A high sand content rootzone material used in the construction of natural 
winter sports surfaces such as modern elite sand construction soccer 
pitches, and a contrasting clay loam used in the construction of elite 
cricket pitches and similar to many local authority winter sports surfaces. 
 
2) To measure the stresses applied by human participants and the 
sensitivity of the human body geometry for two phases of motion: running 
and turning on the above mentioned natural sports surfaces. 
 
3) To determine soil mechanical parameters for the above mentioned 
natural sports surfaces in response to the applied stress from the human 
participant over successive passes for each phase of motion. 
 
4) To integrate soil mechanics and biomechanics data into a conceptual 
model to inform sports surface engineering and management on how to 
improve natural turf for maximum usage at minimum risk of injury. 
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1.3. Thesis layout 
 
The approach taken in this thesis reflects the multidisciplinary nature of the 
research carried out. Firstly, in relation to Objective 1, Chapter 2 reviews the 
main current methods of establishing surface properties and to assess human-
sports surfaces interactions. This chapter also looks at the incidence and nature 
of the injuries directly related to sports surfaces. 
 
Next, the initial mechanical characterization performed on the soil media is 
detailed in Chapter 3. In order to achieve Objective 2, the in-vivo biomechanical 
study carried out is also described later in this chapter. 
 
Afterwards, based on the results obtained in Chapter 3 and leading to 
Objectives 3, the soil in-vitro mechanical study conducted is described in 
Chapter 4. 
  
The relationship between the biomechanical and soil mechanical study is 
developed in Chapter 5 to achieve Objective 4. Moreover, the contribution to 
knowledge, together with a full list of publications derived from the present work, 
an evaluation of the research and recommendations for future work are 
included in this chapter. 
 
Finally, the conclusions are drawn in Chapter 6. 
 
The research poses the following two questions:  
 
• What are, from a soil science perspective, the effects of the human 
participant on a natural turf surface and how does natural turf respond to 
variations in sports movements? 
 
• What are, from a biomechanical perspective, the effects of variations in 
natural turf properties on human response? 
 
These questions will be developed into research hypotheses and carefully 
expounded and discussed throughout the course of the thesis following Chapter 
2. 
 
This PhD project is a component part of a study funded by the Engineering and 
Physical Sciences Research Council (EPSRC) under project number 
EP/C512243/1.  The Principal Investigator is Dr Iain James of Cranfield 
University, with Co-Investigator Dr Sharon Dixon at Exeter University.  All 
research has been conducted by the Author (I N Guisasola), with significant 
contribution to the design and execution of the project.  For the biomechanics 
experiments, this was in collaboration with Dr Victoria Stiles who was a Post-
Doctoral Researcher on the same project. 
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2. LITERATURE REVIEW 
2.1. The importance of natural sports surfaces 
 
Affordable, safe and appropriate sports facilities have been globally recognized 
to be essential requirements to obtain a healthy nation through sport 
participation. Within the UK, due to the high urban population density, the 
maintenance of a natural sport environment has been highlighted as important 
for the protection of green spaces and playing fields for recreational sport in the 
community (DCMS, 2001).  
 
As sport has become more popular there has been an increase in the 
continuous use of Natural Turf Pitches (NTPs) for a number of different sporting 
activities. However, and particularly at community level, traditional NTPs are 
subject to accelerated degradation in adverse weather conditions, which 
negatively affects performance and the safety of players. UK climate conditions 
include long winter periods where there is little or no grass growth and rainfall 
exceeds evapotranspiration (ET) from the grass/soil system. This leads to 
unsatisfactory surface conditions due to excessive moisture in the surface that 
can affect sport performance, cause severe damage to the surface and 
compromise player stability and safety.  
 
Sometimes the necessity to reduce the influence of adverse weather conditions 
to provide an all-year round consistent and durable surface can be fulfilled using 
Synthetic Turf Pitches (STPs) (Dixon et al., 1999) with significantly more hours 
of use per week.  The use and development of STPs have hugely increased 
over the last 20 years at both community and elite sport and has focussed on 
reproducing the playing characteristics of natural turf usually marketed as 
“Looks, feels and plays like natural grass” (Levy et al., 1990).  
 
NTPs represent the vast majority of sports surface in the UK (Oliver & Casimaty, 
1998) and are generally considered environmentally friendly compared to STP 
(Beard & Green, 1994) or even to agricultural crops (Rodriguez Diaz et al., 
2007). Carbon dioxide absorption of NTPs entails a cooling effect that 
contributes to control pollution (Claudio, 2008). Moreover, the NTP root system 
is highly efficient in the uptake of applied nutrients as it forms a very dense 
above-ground biomass that reduces runoff and thus allows time for soil 
infiltration of water (Green et al., 1991). Consequently, fertilization of NTPs 
presents a negligible potential for nutrient elements to pass through the root 
zone into the groundwater or be transported by runoff water into surface waters. 
This has been confirmed by a number of studies and reviews (Cohen et al., 
1990; Gold et al., 1990; Gross et al., 1990). 
 
Another reason that makes NTPs preferable is their nature and properties, 
which are fundamental to the playing performance characteristics of sports such 
as soccer, rugby, golf and cricket that cannot be replicated at an elite level 
using STPs.  In cricket for example, pitch properties influence the range of shots 
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played, ball speed and spin characteristics after impact with the surface (Baker 
et al., 1998) and the progressive deterioration of the pitch as the match goes by 
influences the balance of the game over several days of play. So whereas it is 
desirable to reduce temporal variation in most sports, in the case of cricket, 
temporal variations in surface properties are desirable and essential for the 
game.  
 
Just as with STPs, the modern NTPs have been developed significantly in the 
last two decades at both recreational, and to a greater extent, at the elite level 
of the game.  The principal aim in the development of NTPs has been to 
improve infiltration and drainage of the surface. The drainage of the playing 
surface must be sufficiently rapid to ensure that the field remains playable at all 
times. Modern NTPs are constructed from high sand content rootzone materials 
that minimize soil compaction and allow rapid drainage of excess water and 
reduced sensitivity of shear strength to increased moisture content (Adams, 
1971; Baker, 1991). The result is a favourable environment for turfgrass roots 
combined with excellent playing conditions, providing more uniform, faster and 
higher traction surfaces that meet the requirements for the increased player 
fitness and more advanced technique developed over the same time period. 
This increases performance by reducing player energy cost but may well imply 
greater stresses on the player; however, the potentially increased risk of injury 
from these developments has not been assessed in the literature. 
 
Other consequences of using more freely draining high sand content materials 
are in terms of environmental sustainability, principally, the increased use of 
water for irrigation and fertilizers due to lower nutrient retention.  In the 
professional context, such resources are available and necessary to produce 
the performance and the aesthetic qualities required for television. However, 
such surface construction materials are not suitable for recreational facilities 
where these resources are not available.  Modifications of these high sand 
specifications by shifting to finer textured sands and, in some cases, by 
reintroducing a small amount of clay could reduce water requirements at the 
expense of drainage capacity and performance (McGown et al., 1997). 
Moreover, research into new breeding techniques to achieve low-water-use 
turfgrasses with lower ET rates and superior drought resistance compared to 
the currently used turfgrass species will further reduce NTPs water 
requirements (Beard & Green, 1994). These kinds of alternative approaches to 
providing sustainable turf pitches therefore require further research. 
 
NTPs represent a complex composite living material made of a mixture of soil, 
grass plants and micro-organisms that is variable in space and time. Soils, 
themselves, are a mixture of sand, clay and silt particles mixed with water and 
air. The complex interactions between all these components determine the 
mechanical behaviour of NTPs. It is known that surface mechanical changes 
influence performance and can modify the behaviour of, for example, the speed 
or bounce of a ball under specified conditions (Oliver & Casimaty, 1998). But 
more importantly, those changes have an effect on the player locomotion 
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system. At the same time, players have an influence on surface wear and 
degradation that affects players in return. 
 
Therefore, NTPs should not be considered only in terms of the physical 
conditions that enable the player to perform effectively, but also as a base to 
minimize excessive stress on the body, by, for example, reducing excessive 
traction and impact forces, both factors considered to be associated with the 
cause of injury (Nigg et al., 1986). Unfortunately, research has shown that the 
functional and safety aspects of sports cannot be optimal in one surface, since 
the sports and protection functions are not positively correlated beyond a 
certain point (Kolitzus, 1984; 2003). For instance, a softer surface may provide 
more comfort to the player, however, ball bounce is compromised. It is a 
challenge for sports engineering and biomechanics experts to decide where the 
limit should lie in improving performance without posing unacceptable risks to 
the player. 
 
2.2. Sports injury aspects 
 
A relatively large amount of research has been published on the mechanical 
properties of STPs (Bonstingl et al., 1975; Nigg & Yeadon, 1987; Brown, 1987; 
Valiant, 1990; Dixon et al. 1999; Stiles & Dixon, 2006) compared to research 
documenting assessment of NTPs (Coyles et al., 1999; Morag & Johnson, 
2001; Eils et al., 2004).  
 
Earliest studies based on previous generations of STPs reported them to lead 
to a higher number of injuries compared to NTPs. A higher stiffness, sliding 
friction and heat retention from the older generation of STPs has been 
suggested as the main cause for that. An increased level of impact (James et 
al., 1978; Light et al. 1979; Cavanagh & LaFortune, 1980; Frederick et al. 1984; 
Nigg et al., 1986a; Miller, 1990) altering joint movement and muscle activity 
patterns (Hamill et al., 1992) has been suggested as the mechanisms to 
increase injury rate (Stergiou & Bates, 1997) however, a direct cause-effect 
relationship has not been established yet for a particular type of injury.  
 
More recent studies have concluded that no major differences in terms of injury 
occurrence can be observed between the notably improved third generation of 
STP and NTP (Fuller et al., 2007; Steffen et al., 2007). A similar study done by 
Ekstrand et al. (2006) compared injury incidence for soccer players at 
professional European clubs with third generation STPs, with players from the 
Swedish Premier League playing on NTPs. It was observed that the most 
common injuries on both type of surfaces were hamstring, ankle and knee 
ligament tear and the research concluded that the overall risk of injury on STPs 
was no higher than on NTPs.  Another comparison study between STPs and 
NTPs properties for soccer by Martinez et al. (2004) took into account anecdotal 
opinions from players followed by mechanical assessment of the surface 
properties.  The study showed that leg and muscle problems were less frequent 
on NTPs and that these surfaces were preferred by players perceiving them as 
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more comfortable to play on. Impact reduction was noticed to be higher by the 
players, compared to STPs, a fact that was supported by mechanical impact 
test results. A similar preference for soccer played on NTPs compared to STPs 
was also found by Dick et al. (2003). 
 
The comparison studies available highlight that the playing characteristics and 
injury patterns on STPs are compared against the bench mark characteristics of 
NTPs.  However, several authors have cited a lack of control over and reporting 
of NTPs physical properties and maintenance status (Meyers & Barnhill, 2004; 
Steffen et al., 2007). This makes interpretation of findings complicated because 
of the varied properties of both natural and synthetic playing surfaces used in 
different studies. Thus, the available research does not point towards a 
preferential use of either natural or artificial surfaces with regard to their 
respective associations with injury occurrence, nor towards a trend of increasing 
injury on natural turf following recent developments of NTPs. 
 
Impact absorption and traction as cause of injury on NTP 
 
The fact is that, whether or not NTPs yield as many injuries as STPs, injuries 
still occur on NTPs.  In general, evidence of NTPs injury analysis in the 
literature is sparse. A prospective study on the aetiology of soccer injuries 
reported that a quarter of injuries were correlated with playing surfaces 
(Ekstrand et al., 2006).  It was assumed that surface features such as uneven 
playing surfaces, too low impact absorption capacity (referred to as excessive 
hardness) and inappropriate friction/traction characteristics were connected with 
injury prevalence. 
 
Surface traction is an important characteristic of playing surfaces that influences 
player-surface interaction. Without adequate grip players fall over and are 
unable to perform to a high standard as they cannot stop or rotate rapidly. In the 
case of excessive grip, players may be exposed to higher levels of resistance to 
foot rotation than are desirable for their knee and ankle joints (Orchard et al., 
2005). Thus, surface traction has been considered a surface characteristic that 
may be related to non-contact ankle and knee injury incidence (Torg et al., 1974; 
Milburn & Barry, 1998; Garcia et al. 1999; Orchard, 2002; Livesay et al., 2006). 
Inappropriate magnitudes of traction can cause the foot to become ‘locked’ into 
the surface, transferring force to the ankle and knee (Lees & Nolan, 1998) and 
so increasing the likelihood of injury occurrence. The concept of injury from high 
traction was not considered in the past because creating surfaces with sufficient 
traction for player stability was the principal challenge facing ground staff. This 
is reflected in the fact that whereas minimum values for traction are, for 
example, reported in the performance quality standards for soccer (IOG, 2001), 
maximum values are not included. However, the significant change in 
mechanical properties experienced by NTPs towards higher stiffness and shear 
strength highlights the question about how this will influence the player 
performance and safety.  
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Several factors that influence surface traction on NTPs, such as grass type and 
root density have also been described in the literature. For example, Bermuda 
grass (Cynodon dactylon) is suggested to produce greater traction compared to 
perennial ryegrass (Lolium perenne).  By the nature of its growth, Bermuda 
grass contains horizontally creeping stolons which form a surface mesh that 
increases resistance to wear and also traction compared to perennial ryegrass 
which is non stoloniferous (Orchard, 2001). The configuration of the shoe sole 
has also been extensively studied to improve traction. Shorten et al. (2003) 
concluded that aggressively studded boots were not recommended due to their 
high resistance to rotation during cutting manoeuvres and subsequent risk of 
injury particularly of the Anterior Cruciate Ligament (ACL). However, a definitive 
conclusion regarding appropriate stud length and configuration to minimise 
injury occurrence has not been reached (Lambson et al., 1996; Carré et al., 
2007).  Orchard (2001) suggested that modification of the playing surface holds 
the key to provide players with a universal method of reducing traction and so 
reducing the risk of injuries related to shoe-surface locking. However, as was 
mentioned before, any safety modification will affect performance aspects of the 
surface (Kolitzus, 2003) and so this effect should be also considered when 
investigation injury prevention. 
 
Surface impact absorption is another important property of sports surfaces. It 
influences ball-surface interaction and also player-surface interaction. A too-low 
impact absorption can cause impact related injuries, whether to the leg or the 
head of players (Dura et al., 1998). A too-high impact absorption implies a 
greater damage to surface when performing sports (Canaway & Baker , 1993).  
 
Racing horses can also be considered to be elite athletes who interact with 
NTPs. Horse racing takes place on a variety of NTPs with a range of degree of 
care and attention being given to the surface quality. It is known that the horse 
performance and the degree of risk of injury to the horse and rider are 
influenced by the surface impact absorption capacity (Field, 1994). A ‘soft 
surface’ means a slow wet surface while a ‘hard surface’ represents a fast dry 
surface with low impact absorption. Thus, a high correlation between race times 
and impact absorption (measured as hardness) of the racecourse surface was 
found where race times increased as the surface became softer (Zebarth & 
Sheard, 1985). Racetracks that are excessively soft complicate horse 
propulsion through sinkage and sliding, and can cause stress injuries on the 
horse’s hind quarter muscles (Field, 1994). Conversely, hard racetracks imply a 
high impact force on contact with a horses hoof or jockey head due to a 
reduced surface deformation or cushioning. This has been suggested to result 
in a high rate of loading, and therefore strain, experienced by the horse’s leg 
bones, which may lead to micro damage and gradual weakening of the leg 
bones (Pratt, 1984). Just like human players, horses adapt their 
musculoskeletal structure to different surfaces characteristics. Non-uniform 
surfaces are seen as a great potential for the risk of injury occurs when the 
surface varies from relatively hard to significantly softer over a short distance 
(Chivers, 1999). It was suggested by Stover (2003) that if the need to re-adapt 
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to a different surface condition is reduced, the potential for injury can be 
minimized, highlighting the importance of achieving uniformity. 
 
Nigg et al. (1988a) investigated deformation of different surfaces after landing 
from a jump and also assessed players comfort levels. They found that the 
surface that exhibited the smallest maximum deformation was the least 
comfortable. Players felt that the stability of the surface and control of their 
movements were greater on the stiffer surfaces. Less compressible surfaces 
were, however, associated with larger forces acting on the body, a fact that 
could lead to a higher incidence of overloading injuries because the muscles do 
not have enough time to contract and absorb forces, causing the forces to be 
transmitted further up the axial skeleton (Fiolkowski & Bauer, 1997).  Highly 
compressible surfaces may increase the energy cost of player locomotion as 
the energy of the sport movement adds to the energy necessary to deform the 
surface (Lejeune et al., 1998) inducing a subsequent greater risk of injury by 
muscle fatigue (Millet et al., 2006). All those findings seem to suggest that there 
should be an intermediate surface deformation behaviour where a compromise 
between player stability, comfort and energy efficiency can be met.   
 
Some attention has also been paid to the influence of climatic conditions on 
parameters such as surface impact absorption and traction and the occurrence 
of lower-limb non-contact injuries. Orchard et al. (2002) demonstrated a trend 
for the Australian Football League (AFL) for incidence of ACL injuries on NTPs 
motivated by changes in weather conditions. The author reported that traction 
on NTPs was likely to be higher when the ground was hard, dry and the grass 
cover and root density are at their greatest as in the early part of an autumn-
winter season. Other researchers have also suggested that a significant 
increase in injury rate during the summer season was due to warmer weather 
where surface drying conditions (ET > precipitation) prevail, with resultant 
harder surface conditions (Baker, 1991; Hodgson et al., 1998). 
 
2.3. Quantifying player-surface interaction 
 
The correct evaluation of surface related injury risk requires player-surface 
interaction to be evaluated. This interaction is a complex function of surface 
mechanical factors and player biomechanical response (both voluntary and 
involuntary).  It is also a two way interaction as outlined in Figure 2.1. The 
surface appearance and mechanical behaviour modifies player biomechanical 
response, which in turn loads the surface, resulting in deformation that can 
change the surface mechanical behaviour and appearance again. This 
interaction is variable in time and in space due to environmental factors, player 
stamina and the nature of the sport played. 
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Surface 
Appearance & 
Mechanical Behaviour 
Changes Player  
Biomechanical 
Behaviour 
Changes Surface 
Appearance & 
Mechanical Behaviour 
 
Figure 2.1 Player-Surface interaction outline. 
 
2.3.1. Mechanical testing 
 
In situ measurements 
 
The development of methodologies for testing of surface mechanical properties 
has mainly been driven by: on the one hand, the need to benchmark STPs 
performance against NTPs; and on the other hand, the development of 
Performance Quality Standards (PQS) for the specification and improvement of 
NTPs. Just as there are two main ball-surface interaction tests (ball roll and ball 
bounce) in PQS, there are two main player-surface interaction tests: 
measurement of surface impact absorption and traction (Fleming et al., 2005).  
 
Frictional characteristics 
 
The linear traction equipment used to simulate and measure sliding forces on 
NTPs usually have a metal studded sled that is weighted and moved in a single 
direction, while the force required to move is recorded. This test is designed to 
be analogous to the type of traction required from players when moving and 
stopping in a straight line.  In a similar way, rotational forces can be generally 
mimicked and measured by a metal disk with several boot studs uniformly 
spaced and attached to the underside. Once weights are applied, the unit is 
lifted and dropped from a fixed height and the force that is required to make the 
disc rotate freely is measured in Nm (Canaway, 1975; Canaway & Bell, 1986). 
These forces can generally be estimated using linear mathematical models that 
predict draught force from geometric parameters and physical soil properties 
(Godwin et al, 2007) although they have not been adapted for the range of 
stress rates required by human player activity. Nigg & Segesser (1988a) 
investigated the measurement of linear and rotational traction and showed that 
the magnitude of normal force to be dragged or rotated hugely influences the 
final traction outcome. They concluded that using forces less than those created 
by players could lead to incorrect conclusions about player-surface interactions. 
This highlights the need to assess the player dynamic inputs before the surface 
is tested by mechanical means. A number of new engineered devices, such as 
the Pennfoot apparatus (Lafortune et al., 2003) and Strathclyde Sports Turf 
Testing Rig incorporate the recording of both linear and rotational tests in one 
device (Blackburn et al., 2005).   
 
Soil factors such as texture, bulk density and grass rooting may affect traction 
by influencing soil shear strength. Holmes and Bell (1986) compared a soil 
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based surface against a sand carpet construction method and found that the 
sand carpet construction gave consistently higher traction measurements than 
the soil based surface. Canaway and Baker (1993) stated that it is how these 
soil factors affect water movement and retention and their interaction with wear 
that largely determine their effect on traction of NTPs. For example, it was 
shown that traction on rootless soils increases with increasing soil bulk density 
(Rogers and Waddington, 1990). Scott and Pearce (1976) explained that as soil 
density increases, soil particles get closer together, this increases the frictional 
resistance between them and so higher levels of traction will be expected. 
However, higher soil bulk densities are associated with the areas of greatest 
wear (with a lack of grass cover) and penetration resistance, potentially 
reducing stud penetration and therefore presenting lower traction values (Baker, 
1991). 
 
Cushioning characteristics 
 
Test devices for measuring impact absorption use instrumented bodies with 
predetermined mass dropped from a specified height (Young & Fleming, 2007). 
The Clegg Impact Hammer (CIH) was developed by Clegg (1976) in Western 
Australia for testing road base surfaces and is becoming the preferred method 
for assessing impact absorption of NTPs referred to as surface hardness. With 
the CIH, an accelerometer is mounted on a missile (0.5 or 2.25 kg) which is 
dropped from a set height (55 cm or 45 cm respectively) through a guide tube. 
On contact with the surface, the missile is decelerated and the peak 
deceleration value in gravities (g
max
, simply known as G) is provided. Surfaces 
with a low impact absorption capacity or cushioning (often termed ‘hard 
surfaces’) cause greater deceleration and thus the G figure is higher than other 
surfaces with higher impact absorption capacity (‘softer surfaces’). Rogers and 
Waddington (1990) discovered that the use of the 0.5 kg missile can be strongly 
influenced by the amount of grass cover and that the larger 2.25 kg missile 
eliminated the effect of vegetation and gave a better indication of the whole 
surface cushioning, measured as hardness. The same authors attached a data 
logger to the CIH to measure not only the maximum deceleration rate of the 
dropped hammer but also the time to peak deceleration and the impact duration. 
A high correlation between maximum deceleration rate and both the time to the 
peak and duration of impact was found, suggesting that the surface could be 
characterised using only one of these criteria. This suggests that even simple 
CIH equipment, providing peak deceleration data, could be used for surface 
mechanical testing. 
 
The Artificial Athlete Berlin (AAB) is another drop test apparatus used to 
measure surface impact absorption. Unlike the CIH which is lightweight, the 
AAB uses a 20 kg dropping mass that is released from a height of 55 mm onto 
a spring and test foot. The spring compresses and therefore introduces a 
degree of compliance to the system that yields a contact time between the load 
cell and the testing surface of 0.1 – 0.2 s. This contact time acts to imitate a 
typical foot ground touchdown contact time of an athlete when performing many 
sporting movements. This device measures surface deflection and peak impact 
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force, which is converted into a percentage indicating the reduction in force of 
the test surface in comparison to an impact measured using a concrete test 
surface. The deflection is used to give a measurement of surface stiffness and 
the percentage reduction in force is used to quantify mechanical energy loss 
and the level of surface cushioning (Nigg & Yeadon, 1987). Young & Fleming 
(2007) observed that the deflection of some NTPs can be greater than the 
range for this device and that the specification of the concrete used as the 
reference base also affects the final result and so that this data should be 
included when using the AAB.  
 
Just like surface traction, surface impact absorption also depends on 
parameters such as soil texture and bulk density, water moisture content and 
grass cover. Richards and Baker (1992) found a general tendency of increased 
impact absorption with increasing grass length via a CIH. Holmes and Bell 
(1986), using a 0.5 kg CIH device, demonstrated that sand based NTPs gave 
almost identical hardness readings to soil based NTPs, however, the soil based 
NTPs exhibited greater variability. In another study, the same authors 
concluded that CIH readings reduced as moisture content increased caused by 
a greater surface deformation, although sand based rootzones do not exhibit 
such a marked decline compared to rootzones containing soil The authors did 
not supply an explanation as to why that happened but as stated by Oliver & 
Casimaty (1998), sand textured soils usually exhibit a greater resistance to 
compaction on a short-term basis and less strength sensitivity to moisture thus 
the uniformity within these surface is usually greater compared than in less 
sandy soils. 
 
These mechanical tests provide the basis to characterize the playing quality of a 
surface, often termed ‘playability’; however they represent simplifications of the 
player-surface interaction. In these tests, the surface is usually stressed in only 
one fixed direction using either constant velocities or dynamic loads applied 
from constant heights to maintain constant energy. However, real loads from 
players are variable during the movement, from subject to subject and within 
subjects over time (Dixon et al., 2000). Nigg (2003) examined the range of 
equipment commonly used for surface mechanical testing and concluded that 
while measurements can be made that describe material aspects of a sports 
surface, they cannot be used to predict external or internal forces acting on the 
athlete’s body and so injury potential. He emphasized the importance of using 
biomechanical testing to correctly quantify input conditions experienced by the 
player’s locomotor system during ground contact in order to understand fully the 
possible link with overuse injury phenomena.  
 
Laboratory measurements of NTP behaviour 
 
A better approach to quantify the mechanical parameters of NTPs can be 
performed making use of more sophisticated methodologies and equipment that 
currently require working in a laboratory environment (as will be explained 
further in Chapter 4). Loading or stressing an NTP produces a subsequent 
deformation or strain that is a function of the interaction of all the components 
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comprising the NTP. Soil can be considered the basic component of NTPs and 
so, as a first approximation to this complex problem, mechanical 
characterization of NTPs can be evaluated in terms of the soil mechanical 
behaviour, which is actually a function of the soil texture, soil dry bulk density 
and water moisture content (Whitlow, 2001). A precise characterization of this 
stress-strain behaviour is essential to quantify both ball-surface and player-
surface interactions, affecting for example ball bounce, player movement and 
surface compaction. 
 
Classical approaches to determining soil mechanical properties for civil and 
agricultural engineering are based on quasi-static testing to assess soil 
mechanical parameters such as shear strength that emphasize the plastic 
behaviour of soils (Carman, 2002; Spoor et al., 2003).  For these soil 
mechanical disciplines, elastic deformation only occurs at very small amounts of 
strain and is normally negligible. However, stress-strain behaviour of soils is 
highly strain rate dependent (Horn, 2004), which means that the final strain is a 
function of the rate at which the soil has been stressed. Traditional quasi-static 
soil testing such as uni-axial and tri-axial compression testing (Fredlund et al., 
1997), involves very low strain rates that allow enough time for the soil to 
deform through irreversible fracture mechanisms that imply large amounts of 
plastic deformation (Ashby, 1978). However, as the stress is applied more 
quickly to the soil, the time to deform reduces and the overall soil strength 
increases as a result.  
 
Soil mechanical stress-strain behaviour is known to be a visco-plastic, in that is 
partly elastic or reversible in time if the load is removed and mainly plastic or 
non-reversible (Yin & Graham, 1999). The limits and relative proportions 
between the elastic and the plastic behaviours depend on the strain rate at 
which the soil is deformed, which is a function of the load magnitude and the 
rate of loading (Karmakar & Kushwaha, 2005). It is believed that the inputs from 
sport players introduce a whole new range of high strain rates that will hugely 
affect classical soil mechanical response predicted by parameters such as 
shear strength (Wulfsohn et al., 1999). Player dynamic inputs will make soil 
elastic deformation become as relevant as plastic deformation or compaction in 
understanding the overall mechanical behaviour of NTPs. For example, greater 
strain rates could imply greater elastic recoveries and thus higher impact 
absorption properties. Some updated mechanical parameters that enable 
quantification of both elastic and plastic dynamic behaviour of soil 
simultaneously are proposed in the literature (Schneider et al., 1999). 
 
This analysis requires traditional soil mechanical testing equipment to be 
updated to work with very high strain rates and so it becomes prohibitively 
expensive compared to the previously mentioned ‘portable’ equipment. In turn, 
they allow mimicking of player inputs, in terms of loads and loading rates, and 
determination of more fundamental parameters that will finally predict traction 
and impact absorption for a variety of NTP compositions.  
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2.3.2. Biomechanical testing 
 
Biomechanical testing characterizes the stresses applied by players on the 
surface (kinetic analysis) and the way the movements are performed by the 
players (kinematic analysis). Players are by no means the same as each other 
and a quantitatively identical performance is impossible even within subjects, 
which makes the assessment of players very complicated to assess (Kolitzus, 
2003) and the adoption of strategies such as high replication and participation 
of high number of subjects are compulsory.  
 
Kinetic assessment  
 
The determination of ground reaction forces is useful to provide information on 
the characteristics of a given movement. The Ground Reaction Force (GRF) of 
a running step was stated by Miller (1990) as ‘the force that reacts to the push 
transmitted to the ground by the foot of the runner’. He explained that GRF 
represents the acceleration of the whole body centre of gravity and although 
lower limb contributions are important, they are not the only contributions made 
to the total body acceleration. According to Miller, the lower extremity acts 
mainly as a transmitter of the acceleration of the whole body centre of gravity to 
the ground. This suggests that GRF data may not be a sensitive measure to 
study lower leg impact as it is not only the accelerations of the lower limb 
segments that produce GRF values. The collection of GRF data remains useful 
since it provides information on various performance parameters and external 
system inputs (e.g. ground contact time and rates of loading).  
 
A force platform is the most common piece of equipment used to measure the 
magnitude, direction and the duration of the GRF in relation to time (Dychko, 
1998). An alternative approach is to measure forces underfoot using insole 
pressure measurement devices (Challis, 2001). These devices incorporate 
techniques to measure continually forces between the subject and shoe, without 
the need to contact a marked area of the ground; targeting specific areas for 
contact can lead to changes in gait when running (Nigg et al., 1986b) – this 
issue will be considered in more detail in Chapter 3. While the analysis of force 
under regions of the foot can be done with the data collected from pressure 
insoles, the analysis of pressure within different anatomical areas of the foot is 
also commonly undertaken (Dixon & Stiles, 2003). More detailed information 
about these technologies is provided in Chapter 3. 
 
A strong association between peak impact variables (magnitude and loading 
rate) and the occurrence of overuse injury in running has been pointed out 
(Nigg et al., 1986a; 1988b; Miller, 1990; Shorten, 2000; Shorten & Himmelsbach, 
2002). McMahon and Greene (1984) explained that cushioning works to 
decrease the forces between colliding bodies by increasing the time of collision. 
For example, the magnitudes of peak impact forces collected during running 
from barefoot have been shown to reduce with the use of a shoe, which has led 
to the belief that the magnitude of the impact peak is influenced through the 
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shock absorbing ability of the shoe (Rodano, 1983). The same logic was 
applied to studying the influence of surface cushioning on impact force variables 
and therefore the influence of commonly held associations between sports 
surface cushioning and the occurrence of injury (Dixon et al., 2000). 
 
However, contradictory to the findings of Dickinson et al. (1985), peak impact 
forces have been found to remain constant while running both with and without 
shoes while peak rate of loading increased without the shoe (De Wit et al., 
2000). Note that in this study, initial foot angle with respect to the horizontal was 
reduced for the barefoot condition compared to the shod condition. The 
researchers explained the similarity between impact magnitudes as a result of 
compensatory changes in initial rear-foot angle. In a similar manner, peak 
impact forces have been maintained with changes in surface (Nigg & Yeadon, 
1987; Dixon et al., 2000; Dixon & Stiles, 2003; Nigg et al., 2003). What is clear 
is that the influence of changing shoe and surface conditions on force 
characteristics during player analysis is not fully understood.  
 
Kinematic assessment  
 
The movement of the player is constantly and smoothly adjusted by complex 
control mechanisms involving the nervous, muscular and skeletal systems of 
the body (Vaughan et al., 1992). Devices that perform visual recording of the 
position of body segments are used to digitize body motion in three-dimensional 
coordinate space. Assessments of running on surfaces with different levels of 
shock absorption have revealed maintenance of impact force peaks at a 
constant value (Nigg and Yeadon, 1987). Literature seems to suggest that 
player nature allows for adjustments in leg collision geometry based on 
feedback mechanisms that are suggested to regulate impact forces for 
maintaining acceptable levels of impact (Dura et al., 1999; Dixon et al., 2000).  
 
For example, with reference to Figure 2.2, evidence of higher knee flexion and 
knee flexion velocity prior to ground contact during running has been suggested 
to indicate greater lower leg system compliance for a less compliant surface 
(Dixon et al. 2000). A larger angle implies larger leg deformation occurring 
sooner during an impact phase, increasing the time over which the collision 
occurs and consequently reducing the peak magnitude of the impact force.  
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Figure 2.2 Angular conventions of the lower leg. 
 
An analysis of barefoot running compared to shod conditions carried out by De 
Wit et al. (2000) found that a lower initial foot angle (flatter foot) at touchdown is 
another a kinematic adjustment to reduce excessive loading. A flatter foot angle 
(thus increasing the area over which the ground reaction force is distributed) 
has the effect of reducing the peak local pressure underneath the heel. 
Interpretation of initial foot angle would be enhanced if combined with the 
analysis of insole pressure data and contact area during the initial loading 
phase since high correlation between a flatter foot at ground contact and lower 
peak heel pressures has been found.  
 
Dixon et al. (1998) reported that a lower heel impact velocity was another 
method of reducing the collision deceleration, when peak impact forces 
remained similar when running barefoot on a conventional asphalt surface 
compared to a rubber-modified bituminous sports surface with 48% more 
cushioning. In another study, Dixon and Stiles (2003) assessed the cushioning 
properties of five tennis surfaces during running, with the additional interaction 
of two different models of tennis shoe. The five surfaces, which varied in 
International Tennis Federation (ITF) mechanical classification from ‘low’ to 
‘high’, were assessed biomechanically using seven recreational tennis players. 
However, no significant kinetic variable differences were found between the 
surfaces for either shoe. With regard to peak heel pressure, both shoes ranked 
the surfaces in the same order with the lowest pressure peak yielded from the 
surface mechanically categorised as having a ‘high’ cushioning ability. This 
finding corroborates the mechanical test results. Changes in shoe also yielded 
significantly different peaks in pressure. The researchers suggested that a 
change in shoe appeared to be more influential than a change in surface in 
yielding lower impacts for the range of surfaces tested in this study. This finding 
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emphasises the importance of testing the combination of shoe and surface 
during mechanical assessments. 
 
A significantly reduced flexor moment about the ankle joint on STPs compared 
to a baseline condition was observed by Stiles & Dixon (2006) during a typical 
tennis running forehand foot plant, which was associated with a measured lower 
initial foot angle on this surfaces compared to the baseline. The findings from 
this research suggest that a more cushioned surface yields lower magnitudes of 
joint moment compared to a less cushioned surface. They explained that a 
lower magnitude of peak moment may have occurred as a consequence of a 
flatter initial foot angle, and thus a reduced amount of muscular control required 
by the muscles about the anterior aspect of the tibia to control toe-down. On the 
harder baseline surface, a higher flexor moment was found together with a 
higher initial foot angle magnitude. This increase in peak moment on hard 
surfaces may explain reports of shin problems when running on harder surfaces 
(Anderson & Reynolds, 2005). Modifications of the peak moments about the 
knee were found in the same manner by Stefanyshyn et al. (2006), who related 
higher magnitudes of joint moments with higher injury occurrence. 
 
All the biomechanical adaptation evidence shown above seems to suggest that 
leg stiffness is actually influenced by the cushioning properties of the surface 
(Butler et al., 2003). For stiffer surfaces, where there is higher likelihood of 
encountering high magnitudes of impact force, the joint and thus leg stiffness 
reduces to maintain an overall level of subject-interface stiffness. Where 
surfaces are less stiff, stiffness of the supporting limb also accommodates by 
being stiffer to maintain subject-interface stiffness through muscular adaptations 
to protect the body (Ferris et al., 1998).  
 
2.3.3. Integrated mechanical and biomechanical testing of 
NTPs 
 
Player biomechanical assessment of NTP properties using sports specific 
movements remains a rarity (Dabnichki, 1998). Integrating natural soil media 
and sustaining turf growth in the laboratory environment complicates research 
into player interaction with NTPs. An analysis of body and leg accelerations for 
a variety of surfaces in the field, including both NTPs and STPs, has been 
performed to assess whether the characteristics of soccer specific movement 
techniques are adapted for different surface conditions (Brachet et al., 2003). 
Maximum shank and pelvis acceleration were found to be similar between 
NTPs and STPs.  The authors concluded that the findings were useful 
indicators of a comparable injury risk across all surface conditions, assuming 
accelerations are correlated with injury prevalence.   
 
There have been some attempts to site force platforms below NTPs in the field 
(Smith et al., 2002, 2004) and to measure patterns of foot plantar pressure 
during soccer specific movements for footwear cushioning testing (Coyles and 
Lake, 1999; Eils et al., 2004). Tillman et al. (2002) used pressure insoles to 
 
         
18 
compare GRF for asphalt, an STP and an NTP. These authors detected no 
difference in loading between the tested surfaces, concluding that surface 
stiffness was not directly linked to injury risk through loading. However, no 
attention was paid to any possible change in body kinematics that could have 
been performed by the players to adapt to the different surfaces resulting in a 
constant load observed. More recently, Ford et al. (2006) compared an STP 
with an NTP using in-shoe pressure distribution and did observe differences in 
loading and peak pressures for the two surface conditions for different regions 
of the foot, showing that effect of surface stiffness is still under debate. 
 
An integrated study investigated the effect of changing a soil surface from a soft 
to a hard condition by simultaneously measuring pressure distribution within the 
soil and the shoe when running (James et al., 2006; Dixon et al., 2008). It was 
found that an increase in the dry bulk density of 1460 to 1590 kg m-3 resulted in 
an increase in gmax of 125 to 235 G measured using a 0.5 kg ClH.  Peak heel 
force was significantly lower for the lower density soil condition. Such integrated 
studies and the use of novel laboratory environments allow the stresses on the 
player and the surface to be analysed simultaneously (Figure 2.3) and are seen 
as the way forward to understand player-surface interaction (Dixon et al., 2008).  
 
Acceptable, improved
surface design
Change surface
Effect on
surface
Unacceptable
increase
in injury risk
No improvement
or
surface failure
Effect on 
player
Unacceptable
reduction in 
performance
 
Figure 2.3 A model for integrated development of surfaces.  Any change in surface properties 
should be evaluated in terms of both the effect on the surface and the effect on the player (in 
terms of injury and performance).  The model responds to negative feedback until an 
acceptable improved surface design can be determined – without detriment to the surface or 
player. (Also published in Stiles et al., 2008) 
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2.4. Summary of the literature review 
 
Promotion of a healthy nation can be aided by provision of appropriate sports 
facilities that can be used more intensively, are affordable by local authorities, 
and provide high performance and safety for players. In order to achieve that, 
the player-surface interaction has to be understood. This is a two way 
interaction, where players load and deform the surface at a certain rate, and 
where they are also influenced by the mechanical properties of the surface, 
which can make players change the way they load and deform the surface. An 
understanding of this interaction is essential to provide a fair compromise 
between sport performance, injury prevention and surface durability. 
 
To quantify and describe this interaction some surface and player inputs need 
to be characterized. From a player biomechanical perspective, sport specific 
movements should be kinetically and kinematically described. From a surface 
mechanical perspective, surface physico-chemical and mechanical parameters 
should be determined. This is recognized to be the key for understanding injury 
risk to players and wearing damage to surfaces (Stiles et al., 2008).  
 
Most of the current sports surface research has been focused on STPs as they 
represent more uniform systems which are less influenced by adverse weather 
conditions, providing year round playing with lower maintenance. However, 
STPs do not adequately replicate the fundamental playing characteristics for 
sports, such as cricket, and so NTPs are important to preserve them. Moreover, 
NTPs represent green spaces in the built environment which are critical for 
urban ecosystem functioning. In addition, in the UK the majority of outdoor sport 
is still played on NTPs and they are still preferred by most players, and 
therefore this supports the fact that further research should not only be carried 
out on STPs but also on NTPs. Evidence of injury occurrence when playing on 
NTPs is sparse and usually includes a lack of detail regarding surface 
characterization, however, some comparative studies between STPs and NTPs 
suggest a similar injury occurrence highlighting surface traction and impact 
absorption as the key parameters that may cause injury. Player response to 
changes in traction and surface cushioning is not well understood, however, 
and further research is needed into the causal mechanisms that explain injury 
on both types of surface. 
 
An NTP represents a complex composite material made from a mixture of soil 
particles, air, water, grass and living micro-organisms that varies in space and 
time by the action of players and weather conditions. There have been 
significant changes in the development of NTPs over recent years, particularly 
at the elite level, using more frictional soil media, to provide for (1) player 
requirements for faster surfaces with a higher traction component and (2) 
spectators needs for an attractive environment. Future studies must 
characterise the nature of NTPs in order to understand how those changes 
affect their mechanical properties and thus player performance and injury risk. 
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Loading an NTP soil produces a subsequent deformation or strain that is a 
function of the interaction of all the parameters comprising an NTP. As a first 
approximation to this complex problem, mechanical characterization of NTPs 
can be described in terms of the soil mechanical stress-strain behaviour, which 
is actually a function of the soil texture, organic matter, soil dry bulk density and 
water moisture content. The majority of the devices commonly used in sports 
science to characterize sports surface stress-strain behaviour usually fail to 
incorporate the complexities of human movement in sport. The general 
approach of testing NTPs includes devices to measure traction and impact 
absorption that are portable, easy to operate and inexpensive compared to 
more powerful equipments in a laboratory environment. The latter provide more 
precise characterization of the stress-strain behaviour of the surface, essential 
for understanding both ball-surface and player-surface interactions.  
 
To determine player inputs from sports movements, biomechanical studies are 
necessary. Unfortunately, to perform biomechanical studies on NTPs is a 
challenge due to the difficulty with sustaining surfaces in a laboratory 
environment, which is why such studies are so rare in the literature. 
Biomechanical research is also limited by ethical considerations as testing 
player response may be considered reckless if player safety is compromised by 
injury risk and occurrence. Future research should include an integrated 
approach using engineering and biomechanical expertise. This will permit 
greater understanding of how NTPs influence player performance and safety 
and also how they are affected by player actions. This is considered to hold the 
key to the future development of more resilient, sustainable, higher performance 
and safer NTPs for all level of sports. 
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3. BIOMECHANICAL STUDY 
3.1. Introduction  
 
The necessity of quantifying player loading in determining the mechanical 
parameters of NTPs, and so investigate properly player-surface interactions, 
was highlighted in Chapter 2. The current chapter details the analysis and 
characterization of two sport-specific movements, running and turning, 
performed by a group of players interacting with a range of NTPs in a laboratory 
environment (Objective 2). First, the selected NTPs are described and 
characterized in terms of physicochemical and basic mechanical properties 
(Objective 1). The preparation and maintenance of the NTPs follows. A 
description of the biomechanical laboratory setup, including the mechanical and 
biomechanical devices used for kinetic and kinematic data collection is included 
later in the chapter. Finally, the effect that changes in surface type may have on 
the player movements will be explored and discussed. 
 
3.2. Materials characterization 
3.2.1. Soil material selection 
 
The following three raw materials were selected as test soils for the project: 
 
• A high sand content material (USGA rootzone, supplied by Baileys of 
Norfolk Ltd., UK) used in the construction of winter NTPs such as 
modern professional sand construction soccer pitches. 
• A clay loam (Ongar Loam, supplied by Binder Loams, Essex, UK) used 
in the construction of professional cricket pitches and similar to clay 
based Local Authority winter NTPs. 
• A sandy loam (Sandy loam supplied by Baileys of Norfolk Ltd., UK) 
providing an intermediate sand content condition. 
 
3.2.2. Soil texture and structure 
 
Particle Size Distribution (PSD)  
 
Many of the physicochemical and mechanical properties of soil relate to its 
mineral skeleton which is defined by the size composition of the mineral soil-
forming particles, the soil texture. These particles are commonly separated into 
sand (2 mm to 0.063 mm diameter), silt (0.063 mm to 0.002 mm diameter) and 
clay (< 0.002 mm diameter) fractions. Texture classis defined by reference to 
the triangular classification of the three principal fractions sand, silt and clay 
defined by the Soil Survey of England and Wales (Hodgson, 1998). The relative 
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proportions of these fractions was determined by sieving and sedimentation 
using the Pipette Method as per NR-SAS/SOP5/1 based on ISO 11277:1998. 
 
Soil Organic Matter (OM) and mineral content 
 
The soil texture classes distinguished on the triangle of texture make no 
reference to organic matter content, but no classification of soil texture is 
complete without some further, qualifying reference to this component (Smith et 
al., 1996). The percentage organic matter by dry weight in soil was determined 
by wet oxidation in potassium dichromate as per NR-SAS/SOP4/1 based on BS 
1377-3:1990. Soil pH was determined using an electrode pH meter to determine 
pH in a 1:2.5 slurry with water (Gasser, 1973). 
 
Plant nutrient analysis 
 
Plant available Phosphorus, Potassium and Magnesium was determined to 
ensure that these nutrients were not limiting to turf growth.  In addition the pH 
was determined to ensure that this was not limiting to plant growth.  Available 
phosphorus was determined spectrophotometrically using Olsen's extraction for 
plant available phosphorus in sodium hydrogen carbonate as per NR-
SAS/SOP15/1 based on ISO 11263:1994.  Plant available potassium and 
magnesium were extracted in ammonium nitrate and determined by atomic 
adsorption flame photometry (Appendix A). 
 
Dry bulk density (ρb) and moisture content (θ) 
 
The way in which soil particles are organized and held together is termed the 
soil structure and it is as important as soil texture in regulating the movement of 
air and water in the soil, both of which impact greatly on the soils 
physicochemical and mechanical properties.  The soils in this experiment were 
unstructured, however, and their arrangement of packing is described by the 
determination of dry bulk density (ρb): 
 
t
s
b V
M=ρ     (Equation 3.1) 
 
Where Ms is the dry mass of soil in the volume Vt. A compacted soil will have a 
greater density and lower porosity than a less compacted soil of the same 
texture (Scott, 2000). The density is not cross comparable between different 
textures as it depends on the pore and particle size distributions and the 
differences in density among soil forming minerals.   
 
The soil water content is influenced by the soil structure (Brady and Weil, 2002). 
The extent to which water will either accumulate on the surface of the soil, or 
infiltrate, will depend on the moisture content of the soil and the nature of the 
soil’s pore system. Water Holding Capacity (WHC) is a function of pore size 
distribution which in turn is a function of PSD and this again of soil density. 
Water will either drain freely or be retained at high tension in a soil dominated 
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by large or small pores, respectively. Greater WHC is achieved with a well 
graded soil that has more pore space than a poorly granulated or compacted 
soil (Bullock et al., 1985). Soil water release characteristics were determined 
using a combination of sand tables and pressure membrane equipment as per 
NR-SAS/SOP30/1. 
 
If the soil is compacted by mechanical means, the soil particles are made to 
pack more closely together and the dry bulk density of the soil increases.  At an 
optimum moisture content, the water acts as a lubricant and allows the soil 
particles to squeeze together more easily. Too little water content will not allow 
soil particles to move freely against each others resulting in a smaller dry bulk 
density. Too much water content will also cause a smaller dry bulk density as a 
consequence of an excess of incompressible water between soil particles. For a 
given compaction energy, there is an optimum water content that will obtain a 
maximum dry density (Brady and Weil, 2002). Optimum moisture contents were 
determined using a standard 2.5 kg hammer Proctor test (BS 1377: Part 
4:1990). 
 
Water content is presented as volumetric moisture content (θv) or gravimetric 
moisture content (θm) as a percentage: 
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V=θ    (Equation 3.2) 
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M=θ    (Equation 3.3) 
bmv ρθθ =    (Equation 3.4) 
 
Where Mw and Vw are the mass and volume of water, respectively; Ms is the dry 
mass of soil in the volume Vt and ρb is the dry bulk density. 
 
3.3. Experimental methods 
3.3.1. Soil and turf preparation 
 
Portable pitch system 
 
The NTPs were prepared at Cranfield University and tested in the sports 
biomechanics laboratory at the University of Exeter. This was a challenge in 
that the laboratory is indoors due to the requirements of the infra-red motion 
capture system used to study player movement and not conducive to sustained 
turf culture. To overcome the problem, the surfaces were installed using a 
‘portable pitch system’.  Polypropylene containers (600 x 400 x 50 mm) were 
selected as a portable surface system (supplied by LINPAC Allibert, UK).  
These trays were relatively cheap, light, and easy to handle and transport 
compared to other containers made of steel or wood.  The 600 x 400 size was 
selected because this was the size of the force plate that was used for the 
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biomechanical tests. Holes were drilled into the bottom of the trays to allow the 
drainage of water.  The 50 mm depth of the tray was adequate to obtain the 
minimum rooting depth and therefore stability properties to simulate NTPs found 
outdoors. Another advantage of the depth was that mass was limited to suitable 
manual handling limits and by limiting mass the inertia of the force plate tray 
was also limited, increasing sensitivity of force measurement.  This solution has 
some disadvantages: there was a risk of insufficient depth for root development 
for the grass plant compared to an outdoor sports field. Secondly they had rigid 
edges that could have affected the biomechanics of players if a player was to 
contact a ridge when running. 
 
The total number of trays constructed was 138.  This comprised 54 test trays 
placed on the force plate (3 conditions x 2 movements x 9 players) and 84 other 
trays used to create a 'runway' prior and posterior to the force plate condition. 
 
Soil compaction  
 
The trays were filled in three batches of one of each of the test soil materials 
and hand rolled to obtain the maximum density that the process allowed by 
manual compaction. Because of concerns about damaging the plastic trays, a 
mechanical press could not be used. 
 
Table 3.1 Dry bulk densities achieved after hand rolling compaction. 
Variable Sand Clay Loam Sandy Loam
ρb (g cm
-3) 1.75 1.30 1.50
 
 
The densities achieved for the soils by hand rolling shown in Table 3.1 were 
considered to combine a reasonable structural strength with acceptable water 
percolation properties for each soil type.  
 
Turf selection 
 
In general terms, an NTP could be viewed as a soil base with a turfgrass layer 
on top. In reality, the turf is a unit of soil with a mixture of selected grass 
varieties growing in it; with a root structure within the soil matrix. The 
composition of the turfgrass species varies dependent on the sport involved and 
the level of use that an NTP receives. In this project, LT6 Sportsturf (Lindum 
Seeded Turf Ltd, UK) was used.  This is a turf specifically developed for winter 
sports pitches such as football and rugby and comprises a mix of Perennial 
Ryegrass (Lolium perenne), Red Fescue (Festuca sp) and Meadow Grass (Poa 
sp). The mixture of perennial ryegrasses and fescue incorporated in the seed-
mix provides good wearing resistance whereas the meadow grass provides 
good self-repair recovery properties.  
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Figure 3.1 A roll of the washed turf purchased for the project. 
 
The turf was supplied washed and rolled (Figure 3.1) by the turf producer and 
transplanted at Cranfield.  Washed turf was used, rather than seed because of 
the need to have a usable surface in a short period of time when temperatures 
were too low for grass to germinate. 
 
Turf installation and care 
 
The turf is a mass of living plants and a certain amount of care and 
maintenance was required to ensure it grows to its full potential. A fertiliser (Turf 
Line, 10-6-4 NPK) was applied and raked into the soil before the turf was 
installed, following the manufacturer's application rates of 35 g m-2. 
 
To transplant the turf, the soils were moistened and their external surface was 
slightly raked over to produce a smooth, firm but not compact surface to ensure 
good establishment of the turf. Immediately after the turf was delivered to 
Cranfield and to avoid putting un-necessary stress on the plant, the turf was laid 
on the trays and the trays were placed in the open air and left living outside 
from the 3rd of April to the 29th of May 2006. Strips of turf were laid over and 
shaped to fit sets of 4 plastic trays containing the soil. Full contact between the 
turf and the soil was ensured by pushing with a small hand roller. The edges 
and ends were pushed against each other and a sharp half-moon spade was 
used to cut the end of a row without stretching the turf. The turf was allowed to 
grow over the ends of trays to remove the effects of shrinkage and to prevent a 
player from adjusting their movements in preparation for contact with a different 
surface (as will be discussed further in Section 3.3.2).  To keep digging 
mammals and birds off the laid turf a protective surrounding fence and a 
scarecrow were installed by the turf. 
 
  
Figure 3.2 A view of the trays (600 x 400 mm) before (left) and after (right) turf laying. 
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Watering 
 
The newly laid turf was watered plentifully within half-an-hour of installation. 
Until the turf was definitely established several weeks after, the soil below the 
turf was maintained sufficiently moist to enable the grass plant to survive and to 
grow a root system. Water was applied according to weather conditions that 
dictated the frequency of irrigation required without causing prolonged 
saturation of the soil as standing water limits grass growth due to low oxygen 
levels around the roots.  The turf was kept moist but not completely saturated 
and it was immediately watered when any signs of the turf drying out were 
observed. 
 
Daily top-up waterings required lesser amounts to be applied but this depended 
on levels of ET rate due to temperature and wind conditions (Fry and Huang, 
2004). Thus, when heavy rainfalls occurred during the establishment phase 
then some reduction in the water applied was made. On the contrary, when 
short showers took place sufficient water was externally applied. Watering was 
usually applied when the air temperature was cooler, that is to say, early in the 
morning or late in the evening to minimize ET. 
 
Mowing 
 
The grass was periodically checked by lifting up a corner of turf to see if the 
roots had grown into the soil and it was first mowed once it was well rooted 
(approximately after 4 weeks). At the initial stage, when the turf was more 
sensitive to the wear of a normal mower, this task was carried out using hand 
shears with sharp blades to prevent from tearing up turf by pulling out the grass 
by its roots. Clippings were removed to minimize thatch, the layer of 
decomposing grassy material located between the grass blades and the soil. 
 
The more it is mowed, the more individual grass leaves will grow and therefore 
the turf will have a denser sward. Letting the grass get too long leads to weak 
growth, which in turn invites attack by fungal diseases and allows weeds to 
establish (Adams and Gibbs, 1994). Once the turf received the first cut, the old 
adage - a little and often - was applied to grass mowing and the height of cut 
was kept at 35 mm (between weeks 4 and 6). 
 
When the roots had completely established into the soil beneath (from week 6 
on), the mowing height was then safely lowered to around 25 mm, at a 
frequency that ensured that the length of turf removed was never more than one 
third of the grass length at one time. A sharp bladed rotary Flymo mower was 
used at this final stage of the turf preparation, which was found to increase the 
grass height homogeneity and decrease the time consumed for the operation 
compared to using hand shears. 
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Weed control 
 
Due to the natural weed seed dispersion, it was inevitable to find occasional 
undesired grass and weed species establishing themselves.  These were 
eradicated by removing them by hand as they appeared. 
 
Maintenance fertilizer applications 
 
Once the grass plants had rooted into the soil they took on an appearance and 
growth habit dictated by the soil. Due to the limited nutrient source of the tray 
system (in particular the sand rootzone and sandy loam treatments), the 
nutrient content was enhanced artificially to sustain proper turf growing. Feeding 
was repeated on the 24th of April and on the 15 of May 2006 during the growing 
period using a liquid fertilizer (ProTurf SEAMAC, 6 % Fe + 3.4 % SO3 + 2.5 % N 
+ 2 % MgO) was applied at 1.75 L / 500 mm2 in 10 - 20 L of water, following the 
manufacturer’s instructions. 
 
Transport of the surfaces from Cranfield to Exeter 
 
Three wooden racking systems (Figure 3.3) were specially designed and 
manufactured to accommodate the trays and allow transporting the surfaces 
from Cranfield University at Silsoe to the University of Exeter by road.  The tray 
rack system was handled using a pallet truck and a tail lift on a 7.5 t lorry. 
 
 
Figure 3.3 The shelves system for trays transporting 
containing some of the turfed trays inside. 
 
3.3.2. Experimental set-up 
 
Players and shoes 
 
It is known that not every subject will perform a movement in the same manner 
(Nigg et al., 1986b). It may therefore be necessary, depending on the intended 
application of the research results of future studies to minimise player (subject) 
variability by selecting participants from a similar level of task or sporting ability. 
However, if one purpose of the research is to generalise results to a wider 
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population selecting non-homogenous group of subjects with a range of abilities 
to assess conditions may be more applicable (Vincent, 1995; Bryman and 
Cramer, 1997). In the present study, 9 male volunteers with ages comprised 
between 18 and 25, who had not been injured for the last 6 months and with 
various grades of experience of football or rugby were recruited from a 
university or club standard.  They all regularly participated in training and match 
playing sessions on NTPs. The mean player mass was 79.9 ± 2.7 kg (mean ± 
standard error). Approval for the collection of data from human participants was 
obtained from the School of Sport and Health Sciences, University of Exeter 
Ethics Committee. Informed consent was obtained prior to testing and players 
were made aware that they could withdraw from the testing procedure at any 
time. 
 
Players were assigned standard metal studded soccer boots (Nike Air zoom 
Total 90, Figure 3.4) in their size (Size 10, 11, 12 UK). 
 
 
 
Figure 3.4 Nike Air zoom Total 90 used in the experiments. 
 
Sports specific movements 
 
Analysis and observation of any sport reveals movements that are frequently 
repeated and thereby characterize the sport (Dixon and Stiles, 2003). Running 
is one of the movements usually involved in traditional sports and so in relation 
to the assessment of NTPs, studies of running are invaluable foundations on 
which to formulate future research in specific sports on NTPs.  
 
In relation to sport-specific movements in addition to running, there is less 
published biomechanical research. A pilot study carried out by Stiles et al. 
(2006) undertook an initial biomechanical characterisation of three sports 
specific movements (running, turning and accelerating from rest) performed in 
the laboratory by two players. The experiment successfully showed how natural 
soil media can be incorporated into a laboratory and used as a surface on which 
sports specific movements can be performed and human response analysed. 
Changes in surface cushioning properties were detected, as shown by 
differences in peak forces and peak rates of loading between different 
movements for a fixed sand rootzone condition turfed with ryegrass as the one 
used for the current study. The purpose of the present research is to assess the 
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effect of NTPs, on three different soils, with a group of players performing two 
typical sports movements: running and turning. For the turning movement the 
inside turn technique was required from the players.  In this technique, at the 
time of turning, the foot is already turned when it steps on the force plate, 
preventing the runner from turning it on the ground which could cause them an 
injury. Figure 3.5 shows how the two movements were performed in the 
laboratory. 
 
 
  
Figure 3.5 Laboratory set-up. Players performing running (top) and turning (bottom) movements 
in the biomechanics laboratory. Players step on the corresponding run-up trays and force plate 
tray (longitudinally placed to cover the force platform) and then continue on the corresponding 
run-off trays for each of the conditions. Infra-red motion cameras can be seen on both walls. 
White reflective markers are attached on the right leg of the players.  
 
Laboratory layout 
 
Trays were laterally positioned cross-ways in the biomechanics laboratory at the 
University of Exeter, over a non-slip matting (6 mm thick) to form a continuous 
10 m runway. One tray was longitudinally placed to cover the force platform. 
Based on the pilot experiment an optimum 6 m runway length prior the force 
plate (run-up) was produced to provide enough distance to meet the force plate 
naturally and to gain sufficient running speed to perform the movement within 
the confines of the laboratory. Similarly, an optimum 4 m distance after the force 
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plate (run-off) was produced to allow players to stop naturally and safely. A 
surrounding supportive runway of rubber matting and foam covered with an 
acrylic top-surface was constructed on either side of the turf runway for the 
safety of participants. A schematic picture of the laboratory layouts is illustrated 
in Figure 3.6. 
 
FP1BFP
Direction of runner 
Safety Rubber 
Mats
Run-up Run-off
y
x
z
 
 
 
 
FP1BFP
Run-up = Run-off
 
Figure 3.6 Laboratory layout with the runway (green + brown) and steps followed by players for 
running (top) and turning (bottom). The consistency for each condition of the force plate tray (FP) 
and the tray before the force plate (1BFP) is critical to avoid undesirable adaptations in 
movement performance. For turning, the run-up is also the run-off. Surrounding safety rubber 
mats shown in black. Blue footprints = run up + run off. Red footprints = critical steps. Axes 
convention used throughout shown for x, y, z.  
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Starting with the pilot experiment, player footsteps were studied and the 
laboratory tray layout designed accordingly to produce an improved runway. 
Runners left a gap of two trays between consecutive steps and it was agreed to 
lie the three different conditions alternated along a single runaway ensuring that 
the runners were only using the corresponding ones for each condition at all 
times. This implied less tray movement and lifting between condition tests in the 
lab as well as a reduction in the number of trays needed inside the lab which 
minimize the time to be waited by the subjects compared to, for instance, 
having the three different conditions laid down on the laboratory floor at the 
same time. 
 
A slightly different layout was used to perform the second movement involving 
turning 180 degrees, where the previous run-off was eliminated with the players 
exiting the force plate pointing in the direction from which they had started the 
run-up. The force plate was directly supported by the rubber mats. 
 
Laboratory set-up 
 
As previously stated in Chapter 2, the human system is complex with the 
availability of multiple degrees of freedom and as such, variability. This effect of 
intra-player variability on reliability can be accommodated through the collection 
of multiple measurements (Bates, 1996). It appears that rules are not yet rigidly 
established for the total trial collection size to yield data that is representative of 
a group’s movement behaviour while performing a given task. Bates et al. 
(1992), after carrying out tests related to statistical power and sample size, 
based on vertical ground reaction force data, concluded that the number of trials 
required to fulfil the measures of trial stability and satisfy statistical power for 5, 
10 and 20 players was 10, 5 and 3 trials respectively. The majority of 
biomechanical running studies however, concentrate on data collections of 
between 8-10 trials per subject. With this information, in this research study 10 
successful trials by each subject were required for each condition. Analysis of 
data in the pilot study allowed the number of trials required in order to satisfy 
trial stability to be confirmed prior to the main data collection phase of the study. 
 
Players were informed of the desired movement through demonstration by 
researchers in the laboratory but they were not provided with any specific 
information regarding the differences between the surfaces. Players were 
required to make a right-footed contact with the target force platform tray during 
each trial without adjusting their running stride and rhythm.  
 
Due to the size of the force plate (600 x 400 mm) it was only possible to collect 
data for one running step. Sometimes, players tend to alter their natural running 
style to land on the right tray with the right foot. For this reason, players were 
requested to perform familiarisation trials for each movement prior to the start of 
data collection until they were confident with executing the movements and 
location of the desired foot landing on the force plate had been repeatedly 
achieved (Bates et al., 1983). During practice running trials, starting positions 
were marked out in the laboratory to assist players in making contact with the 
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force plate tray using their natural running style during their fourth stride on the 
runway and without adjusting their running stride.  
 
A constant running speed of 3.83 m s-1 (± 5 %) was required between two sets 
of photocell timing gates set 1 m away from the centre line of the target tray (2 
m distance between photocell sets). Where players failed to make contact with 
the force plate, dramatically altered their entry speed or failed to perform a 
typical movement trial, data were discarded, verbal feedback was provided by 
the researchers to try and correct the fault and the trial was repeated. A 
measure of the speed of a movement was used to indicate an initial level of trial 
reliability. For each change in surface, the subject performed at least a further 3 
familiarisation sequences prior to collection of data whilst a spare tray of turf 
was positioned in the target area of the runway. Then, 10 trials on each surface 
were performed for each specific movement.  
 
It is critical for the biomechanical experiments to ensure that players performed 
their movements without interruption from variation in surface properties prior to 
the force plate that would cause undesirable adaptations to occur in movement 
performance. Special attention was therefore focused on the force plate tray 
(FP) itself and the tray of the same condition step right before the force plate 
(1BFP) in order to make sure that the mechanical properties of those trays were 
kept as consistent as possible for every condition. Ideally, trays should be 
changed every time that a player runs over it. Due to financial and time 
constraints however it was agreed that only the target FP tray would be 
removed and preserved for post-hoc analysis after each subject had completed 
10 trials on the one soil condition. Each target tray was therefore unique to a 
subject and had 10 trials of data on it. If not seriously damaged, all other trays 
were kept for future test sessions in order to create another runway for another 
subject on another day for one of the three conditions. All trays were relocated 
outside the lab overnight, supplied with water and left to recover for one or two 
days depending on laboratory test requirements and obvious turfgrass damage. 
Trays were maintained at reasonable volumetric moisture levels to ensure the 
survival of the grass (30 % sand, 35 % clay loam and between 30-35 % sandy 
loam). 
 
Players were required to visit the laboratory on one occasion to complete 
running trials on all three test surfaces executing a total of 30 successful trials 
per session. Data for turning were collected on another day to minimise the 
influence of fatigue on the task outcome. 
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3.3.3. Biomechanical testing 
 
Kinetic data: force and pressure analysis 
 
An AMTI force plate (Advanced Mechanical Technology Inc, Massachusetts, 
USA) situated flush within the concrete floor below the tray runway collected 
force data in the 3 principal Cartesian axes (x medial-lateral, y anterior-posterior 
and z vertical) at a sampling rate of 960 Hz. A threshold of 10 N magnitude was 
breached (Fz > 10 N: initial contact, Fz < 10 N: foot-off) and this point was used 
to define ground contact. Ground reaction force (GRF) time-histories for each 
movement were compiled. 
 
An RSScan (Belgium) pressure insole system sampling at 500 Hz was inserted 
into the shoes of the player and used to assess the foot pressure distribution 
during a footstep. The collection of pressure data was continuous throughout an 
8-second trial which was triggered by the researchers. Extraction of individual 
steps in sequence was done manually in the proprietary FootScan Insole 
software supplied with the insole system (version v.2.34, 2006) based on the 
ground contact time indicated by the force plate data.  The closest step to the 
ground reaction force contact time was selected. The foot plant was split into 
two anatomic regions corresponding to the rear-foot and fore-foot as shown in 
Figure 3.7 and the pressure evolution for each mask was monitored and 
analyzed in MATLAB 7.2 (R2006a, MathWorks, USA). Despite data for both 
feet being collected for all the trays, data analysis was focused on the right-foot 
step occurring over the force plate. 
 
 
 
 
Figure 3.7 Typical pressure distribution for the right foot showing rear-foot (foot’s bottom third)  
and fore-foot (foot’s upper third) masks created for kinetic analysis. White line on the right hand 
side represent a hypothetical ‘blank line’ of damaged sensor recording no data. 
 
Fore-foot
Rear-foot
Line of damaged sensors 
0 500 (kPa)250
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The kinetic data from the pressure insoles were exported into MATLAB for 
further manipulation and analysis. Any force transducer ‘blank lines’ (Figure 3.7) 
within the insole system were identified and taken out in post-hoc analysis so 
that all the players had the same number of active sensors. Raw force data 
were smoothed using a 9th degree polynomial spline and then contact area time 
histories for the entire foot and the two sub-regions (rear-foot and fore-foot) 
were produced (Hennig, 2002). This was calculated by adding up the number of 
activated sensors at every frame and multiplying the count by the area of a 
single sensor (25 mm2). Finally, pressure time histories were calculated by 
dividing the force output by the previously calculated contact area at the 
corresponding frame in time (see the MATLAB flow diagram in Appendix B). 
 
The following kinetic variables were recorded and used to characterize the 
movements and also to determine whether player biomechanical adjustment to 
changes in surface could be detected. 
 
From the force plate: 
 
• Peak vertical (Fzmax) and horizontal force (Fymax) and times of occurrence 
• Peak vertical (dFzmax) and horizontal anterior-posterior (dFymax) rate-of-
loading and times of occurrence 
• Peak ratio (Fy / Fz)max between horizontal and vertical force during 
braking phase and times of occurrence 
 
The medial-lateral force component (Fx) was measured but was not included in 
the analysis. This component was observed to yield negligible magnitudes 
compared to Fz and Fy in the pilot experiment (Stiles et al., 2006) and in terms 
of injury/performance there is a limited rationale to support monitoring it (Stiles, 
pers. comm., 2008). 
 
From the insole devices: 
 
• Peak (Amax) and mean (Ā) foot contact area   
• Peak foot (Pmax), rear-foot (PRmax) and fore-foot (PFmax) pressure and 
times of occurrence 
• Peak foot (dPmax), rear-foot (dPRmax) and fore-foot (dPFmax) pressure rate-
of-loading and the times of occurrence 
 
The force and pressure loading rates (dV) were calculated according to Miller 
(1990) using the first central difference method as described in mechanical 
terms in the Equation 5. 
 ( )
( )initialfinal
initialfinal
tt
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dV −
−=    (Equation 3.5) 
 
Where, V
final 
is the final force or pressure magnitude (the data point immediately 
following the point at which loading rate is to be calculated), V
initial 
is the initial 
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force or pressure magnitude (the data point immediately prior to the point at 
which loading rate is to be calculated) and t
final 
and t
initial 
are the time 
components of the respective final and initial data points. The loading rate 
characterizes the initial part of the force and pressure time-history, especially 
since for some subjects, particularly mid-foot strikers during running, there is 
absence of an initial peak passive force (Cavanagh and Lafortune, 1980; Miller, 
1990). All force, pressure and loading rate magnitudes were normalised to body 
weight (BW). 
 
Kinematic data: motion analysis  
 
A Peak Motus Real Time 8 camera set up (automatic, opto-electronic system; 
Peak Performance Technologies Inc, Englewood, Colorado) was used to 
assess the motion characteristics of the lower extremity (120 Hz). The cameras 
were calibrated, arranged following a standard procedure and remained in their 
positions throughout the whole data collection process. The position of the 
cameras was partially shown in Figure 3.5 as the red LEDs shining on both 
walls. A combined and adapted version of the joint co-ordinate system 
presented by Vaughan et al. (1992) was employed to monitor joint movement at 
the ankle and knee. Joint angles were referenced to a relaxed standing position. 
Nine reflective spherical markers were located at anatomical points to define 
joint centres (hip, knee and ankle) and segments of the leg (thigh, shank and 
foot). For both movements, markers were placed on the right lower extremity 
and again a right-footed step was analysed for both the running and turning 
movements. The marker convention and location is displayed in Figure 3.8.  
This analysis was performed by Dr Vicky Stiles and Dr Sharon Dixon of the 
Exeter Biomechanics Research Team, School of Sport and Health Sciences, 
University of Exeter, Exeter, UK. 
 
Two dimensional analysis of the lower extremity was undertaken. A hierarchical 
clustering technique was performed on the kinetic and kinematic data and 
different player behaviours were defined. Mean values and standard errors for 
the different groups that the cluster analysis assigned for each of the above 
mentioned variables were calculated using group player mean data. Group 
means were compared using general linear models and analysis of variance 
using ‘condition x group’ interaction with repeated measures to determine 
whether statistically significant differences existed between surfaces and groups 
(p < 0.05). Analysis was conducted in the statistical language R (v 2.4, 2006)  
 
In addition to the above listed kinetic (force and pressure) variables, player 
adjustments to changes in surface condition were monitored using the following 
kinematic variables during the stance phase:  
 
• Initial foot (φi), ankle (αi) and knee (κi) joint angles 
• Peak ankle (αmax) and knee (κmax) joint angles, range of movements 
(ROM) and times of occurrence 
• Peak foot (dφmax), ankle (dαmax) and knee (dκmax) angular velocities and 
time of occurrence 
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• Initial vertical heel impact velocity (dhzi)  
 
Initial kinematics were taken at the frame immediately prior to ground contact by 
synchronized collection of force plate data.  
 
 
Figure 3.8 Marker conventions used to construct the joint coordinate system of the lower limb. 
This joint co-ordinate system required the following marker placements: hip, lateral knee,  
medial knee, Achilles (1 and 2), shin, calcaneus (1 and 2) and mid-foot. 
 
3.3.4. Mechanical testing 
 
The surface volumetric moisture content (θv) was measured in situ immediately 
before player testing using a theta probe. The device (Figure 3.9) works by 
inserting it into the surface and then by sensing the apparent dielectric constant 
of the soil, the moisture is worked out (Gaskin and Miller, 1996). 
 
The surface hardness (in gravities, G) was measured using a calibrated CIH 
(Figure 3.9; Appendix C) as per BS EN 12231:2003. The device works by 
manually dropping a flat-ended cylindrical mass (0.5 kg) with an accelerometer 
from a known height (0.55 m) over the surface 3 times and measuring the peak 
deceleration on the last drop. 
 
κ
φ 
α
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The shear strength (in kPa) was measured using a shear vane (Figure 3.9) as 
per BS EN 14954:2005. The device works by inserting the vane (33 mm length 
x 16.5 mm width) into the surface and then the torsion force required to cause 
shearing is calculated by rotating the torque meter built into the vane head.  
 
Measurements of moisture content and hardness were taken from two randomly 
selected trays on every runway built and in every 10 trials from the FP and the 
1BFP to check that the runway was mechanically consistent. Shear strength 
was only measured on the force plate trays as being a semi-destructive method, 
it was not possible to continually make holes in the turf that was going to be 
reused for another runway as this could have been dangerous for the athletes.  
Differences within conditions and between conditions were determined using 
ANOVA (p < 0.05). 
 
 
Figure 3.9 Soil test equipment used.  
Left to right: Theta probe, Clegg Impact Hammer and shear vane. 
 
Soil deformation was measured from the footprints that players left on the force 
plate trays. Three force plate trays were selected per movement and condition 
for the following analysis. Firstly, the grass was mowed as short as possible. 
Then, footprint shape was manually recorded using a mechanical profile meter 
along the 2 orthogonal horizontal axes in relation to the container limits, that is, 
lengthwise and transversally. Transverse measurements where taken on the 
rear-foot and fore-foot (heel and ball of the foot areas, respectively). A digital 
camera Fujifilm Finepix 6900Z was used to digitize the profiles measured. An 
image analysis subroutine was developed in MATLAB to account for the area of 
the soil deformation profiles (see the MATLAB flow diagram in Appendix B). 
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3.4. Results and discussion 
3.4.1. Soil characterization 
 
The soils selected for the project are made up of a mixture of particle size 
grades that indicates different textural classes as shown in the Table 3.2. A 
cumulative grading curve (Figure 3.10) and a textural triangle (Figure 3.11) are 
included to assist interpretation and to aid comparisons between conditions. 
 
Table 3.2 Particle Size Distribution (PSD) and Organic Matter (OM) for the three soil conditions. 
Particle (%) Size (mm) Sand Clay Loam Sandy Loam
Sand 2 - 0.063 98 29 58
Silt 0.063 - 0.002 1 45 29
Clay < 0.002 1 26 13
OM (%) - 1 3 2
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Figure 3.10 Cumulative grading curves for the three different soil textures. 
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Figure 3.11 Textural triangle (derived from Hodgson, 1997) showing the 
PSD for the soils involved in the research: Sand (1), Clay (2) and Loam (3). 
 
In the textural analysis, the conditions were classed as ‘Sand’ (with a high 
proportion of sand size fraction), ‘Clay Loam’ (with a high proportion of clay size 
fraction) and ‘Sandy Loam’ (with an intermediate proportion of sand and clay 
particles), respectively. The Clay Loam is dominated by fine particles and small 
pores that result in a higher relative moisture content at a given matric potential. 
The Sand is characterised by large particles and large interconnected pores 
that drain rapidly as matric potential increases, that is, as the soil dries out. This 
is illustrated in the steeper slope from the curvature of water release 
characteristics measured in (Figure 3.12). In general, as relative saturation 
decreases, the water retained within the soil is held increasingly tightly and the 
strength of the soil increases. This is the fundamental basis for the concept of 
'effective stress' in soil of Terzaghi (1943) and will be explained in Chapter 4. 
 
1 
3 
2
 
         
40 
0
10
20
30
40
50
60
0 50 100 150 200 250
Soil Water Potential (kPa)
θ v
 (%
)
Sand Clay Loam Sandy Loam
  
Figure 3.12 Relationship between volumetric moisture content (VMC)  
and soil water potential for the three different soil textures. 
 
The different textural classes have varying characteristics in the context of this 
study. Soil texture has a large influence on water retention. Texture also affects 
the mechanical properties of the surface which at the same time is also 
influenced by the water content. The high sand content present in the Sand 
condition indicates an open microstructure of larger pore diameters between 
particles that will allow free water drainage (high hydraulic conductivity). 
However, unless fortified with organic matter, this soil presents a low nutrient 
retention for the grass plant. This is due to the far lower ability of sandy textured 
soils to absorb cations (i.e. its cation exchange capacity, CEC) than for clay 
textured soils. This is supported by the soil chemical analysis performed that 
reported a short nutrient supply for the Sand condition (see Appendix A). The 
necessity for higher relative moisture content (closer to saturation) found for the 
Sand condition compared to the other two can be understood by the lack of 
internal cohesion between sand particles as a result from their inert mineralogy. 
This implies a relatively greater amount of water is needed to improve the water 
tension between the pores of the soil holding the particles together and to 
provide sufficient soil strength to sustain the experiments on this condition. 
However, there is a limit to this as too much water will bring particles apart so 
decreasing soil strength.  
 
The Clay Loam condition readily holds more water because of the size of the 
pores and also due to a high content of clay particles that carry a charge which 
also enables them to store plant nutrients. Clay particles have an electrostatic 
charge derived from net substitutions in the mineral structure. Generally 
speaking, clay minerals are alumino silicates composed of sheets of interlocking 
silica (tetrahedral) that alternate with sheets of aluminium oxide (octahedral). 
The silica layers consist of a series of silicon and oxygen atoms, in the ratio of 
1:4, forming small pyramid-shaped structures called silica tetrahedra. When 
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these consist of pure silicon and oxygen they form the mineral quartz (most of 
the sand grains found in soils are composed of quartz). Sometimes atoms that 
are similar in size to silicon combine with oxygen to form part of the silica sheet. 
Although similar in size, their chemistry is different from that of silicon. 
Substitution into the octahedral sheets for Al that is more common, however. 
This fact often causes a charge imbalance, which results in a permanent 
negative charge.  
 
Depending on the clay mineral type, water can be allowed to penetrate between 
adjacent clay minerals hydrating substituted cations (such as Mg2+ and Ca2+, 
allowing them to swell and shrink depending on the water content.  This charge 
creates an inter-particle binding strength with small pore size distributions 
leading to a low hydraulic conductivity. Thus, a steady release of water as the 
soil dries can be expected from the Clay Loam compared to the rapid switch 
that occurs for the Sand condition, as was determined in the water released 
curves obtained. A lot of this water will be held in very small pores (particularly if 
compacted) so the plant will not necessarily be able to access it. The Clay 
Loam condition was seen to be the most sensitive to changes in moisture, 
exhibiting swelling and shrinking in response to wetting and drying altering the 
mechanical properties, which decreased with increasing water content because 
the bonds that hold the particles together in structural units due to Van der 
Waals forces (attraction between oppositely charged surfaces and organic 
matter) are weakened as more water is absorbed.  
 
The results obtained from the Proctor test on the Sand and Clay soils showed 
that starting from a dry condition, the attainable dry bulk density at first, 
increases with increasing soil wetness, then reaches a peak of maximum 
density at optimum moisture (Table 3.3, Figure 3.13). Beyond this point, the 
density decreases again to a point where the soil is fully saturated. The Sand 
reached saturation at around 15% (θm) presenting a bulk density close to the 
maximum density achievable by compaction whereas the Clay reached 
saturation at around 25% (θm) at much lower bulk density. 
 
The Sandy Loam presents an intermediate size of particles The wide range of 
particles sizes present in the Loam suggests an intermediate texture and so an 
intermediate behaviour in terms of water and nutrient retention capacity. A sign 
of this is the moderate water release gradient which that retains a median 
amount of water compared to Sand and Clay Loam. 
 
Table 3.3 Optimum dry bulk density (ρb) and gravimetric moisture content (θm) from a Proctor 
test.  
Variable Sand Clay Loam
ρb (g cm
-3) 1.80 1.80
θm (%) 11.50 15.00
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Figure 3.13 Relationship between dry bulk density (ρb) and gravimetric  
moisture content (θm) following compaction during a Proctor test. 
 
3.4.2. Mechanical data 
 
The results from the ANOVA (p < 0.05) performed on the moisture content, 
hardness and shear strength measurements taken for each movement and 
surface are presented in Table 3.4. 
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Table 3.4 Group mean and standard error data for 9 players running (RN) and turning (TN). 
Variables
Running
θv (%) 30.29 ± 0.68 30.10 ± 1.89 30.83 ± 0.72
% Saturation
Initial Hardness (G) 58.56 ± 1.81 60.64 ± 3.58 61.22 ± 1.92
Final Hardness (G)* 63.12 ± 2.73 71.21 ± 4.98 65.47 ± 2.91
Initial Shear (kN m-2) 21.74 ± 1.26 24.56 ± 1.57 24.09 ± 1.07
Final Shear (kN m-2) 23.32 ± 1.23 25.79 ± 1.64 24.79 ± 1.24
Turning
θv (%) 30.12 ± 0.73 29.51 ± 1.67 30.31 ± 0.87
% Saturation
Initial Hardness (G) 57.85 ± 2.93 61.81 ± 3.18 60.11 ± 3.01
Final Hardness (G) 53.12 ± 5.93 63.24 ± 6.98 59.12 ± 6.02
Initial Shear (kN m-2) 20.94 ± 1.19 24.56 ± 1.57 22.56 ± 1.57
Final Shear (kN m-2) 23.61 ± 1.71 22.92 ± 2.23 23.20 ± 2.05
69.76
Sandy Loam
*Significant at p < 0.05
81.27
Sand Clay Loam
71.1361.6681.78
60.26
 
 
The volumetric moisture content (θv) remained constant at around 30 % for all 
the surfaces however, that percentage corresponds to levels of saturation of 
approximately 80, 70 and 60 % for the Sand, the Sandy Loam and the Clay 
Loam condition, respectively. Measurements of hardness and shear strength 
before player testing were no different across each surface and between 
different surfaces, regardless of the movement performed. From a 
biomechanical point of view, uniform surface mechanical properties are required 
along the runway. This allows players to perform their movements without 
interruption from variation in surface properties that could cause undesirable 
adaptations in movement performance. The measurements taken on the turf 
trays in the runway before playing testing (initial hardness) proved that the 
surfaces were maintained consistent across each condition and that the force 
plate trays were representative of each condition. This adds confidence to the 
biomechanical findings of the study.  
 
After player running testing, and accounting for the change in moisture of the 
different treatments, values for final hardness were significantly higher for the 
Clay Loam compared to the Sand and the Sandy Loam as is shown in Figure 
3.14. Nevertheless, according to the calibration certificate of the Clegg hammer 
used (see Appendix C), ± 10 G is assumed as a typical error that suggests that 
the differences in compaction occurred, although statistically significant, were 
small in practical terms. The Clay Loam condition presented the lowest 
resistance to compaction under the running load for a wider range of moisture 
content (see Proctor test in Figure 3.13).  This was supported by a significantly 
greater difference in hardness for this condition.  
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Figure 3.14 Group mean hardness values for running before and after player testing. 
Errorbars represent means and standard errors, respectively. 
 
As mentioned before, different textures and densities would suggest surfaces 
with different mechanical behaviours (cushioning and frictional properties) for 
the variety of natural turf conditions tested. It could have been that despite the 
mentioned differences, the turf conditions were too similar and the mechanical 
differences too subtle for detection. It may be that the devices from the standard 
techniques used for assessing NTPs, such as the Clegg hammer and the shear 
vane, were limited for assessing the mechanical properties of the range of 
NTPs within the experiment.  
 
The 0.5 kg Clegg hammer measures maximum deceleration for a relatively light 
missile which does not penetrate the soil and hence may be influenced more by 
the grass and thatch than the soil when measuring ground hardness.  A heavier 
hammer such as the 2.25 kg version might have been more suitable. The shear 
vane device used appeared sometimes to be only half-sunk in the ground due 
to an uneven thickness of soil, especially after the turning movement was 
performed where the players left an inclined plane on the trays as a result from 
the change in running direction. This would explain why for turning, the surfaces 
gave more inconsistent and greater readings of hardness and shear strength 
after player testing compared to before testing. A lower area in contact with the 
ground implies a smaller shear strength measured by the device. Higher shear 
strength would have been expected from a more compacted surface after 
playing testing otherwise. The lack of a flat surface could be reason to also 
explain the inconsistent data measured from the Clegg hammer for turning. 
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Footprint analysis 
 
The analysis performed on a single Clay Loam force plate tray used for running 
is presented next to show the methodology that was proposed in Section 3.3.4. 
A set of three digitalized footprint profiles is shown in the Figure 3.15. 
 
 
 
 
1. Transversally to the foot, on the fore foot area 
 
 
2. Transversally to the foot, on the rear foot area (heel area) 
 
 
3. Lengthwise to the foot 
Figure 3.15 Digitized profiles (lower images) to determine soil deformation of a Clay tray (top) 
after player running. The blue lines represent the profile measurements taken. Ordinate and 
abscissa axes represent depths and longitudes, respectively (all measurements in mm).       
 
Table 3.5 shows the different deformation areas calculated from the image 
analysis of the digitized profiles shown in Figure 3.15. 
 
Table 3.5 Soil deformation areas. 
Lengthwise to the Foot
Rear Foot Fore Foot
Area (mm2) 1530 2940 2910
Traversally to the Foot
 
 
The profiles show the depressions in the soil created by the boot sole and some 
of the studs. This soil deformation was found to be greater for the fore-foot (ball 
of foot and toes area), up to 30 mm depth, compared to the rear-foot (heel 
area), up to 20 mm depth. This suggests that greater pressure was applied on 
the fore-foot for this particular player running on this particular condition. A huge 
12
3
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variation in the location of the footprints across the trays was found regardless 
the surface condition. Ten different footsteps were performed on each force 
plate tray and a single foot depression did not consistently occur during a 
particular movement sequence for a player. This caused the footprint areas 
above ending in an indefinite number of area values leaving the soil deformation 
undetermined. Unfortunately, it was not possible to develop a systematic 
methodology to decide which references to take in order to compare the 
different profiles in a consistent way. Therefore, the analysis was terminated 
and the approach was considered to be unsuccessful. 
 
3.4.3. Biomechanical kinetic and kinematic data 
 
Force plate: ground reaction forces 
 
The movements performed were described in terms of the vertical (z) and 
horizontal (y) ground reaction forces (GRF). For running, analysis of the 'group 
mean player' revealed that two different vertical ground reaction forces time-
histories typically occurred. As shown in Figure 3.16, for some players, a two 
peak profile with first an accentuated passive peak (that relates to foot impact 
on landing) occurred, followed by a second active peak (that relates to foot 
push-off). For other players, a single active peak profile took place between the 
initial ground contact and the foot-off phase. The peak vertical force for running 
(RN Fz) yielded an average of just over 2.5 BW. The analysis of the anterior-
posterior horizontal force for running (RN Fy), revealed a first passive peak (that 
refers to foot braking) followed by an active peak (that refers to the change in 
the running direction) of just less than half of the player bodyweight. The ground 
reaction contact time for running was approximately 0.25 seconds. 
 
 
 
-0.5
0
0.5
1
1.5
2
2.5
3
3.5
0 0.05 0.1 0.15 0.2 0.25 0.3
Time (s)
G
RF
 (B
W
)
RN Fz RN Fy
Fz
max(active)
Fz
max(passive)
Fy
max(active)
Fy
max(passive)
 
Figure 3.16 Typical vertical (Fz) and horizontal (Fy) GRF-time history profiles for running (RN). 
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For turning, analysis of the group mean revealed that a single vertical force (TN 
Fz) time-history typically occurred. As shown in Figure 3.17, first an accentuated 
passive peak (that relates to foot impact on landing) occurred followed by a 
second active peak of a lower magnitude (that relates to foot push-off). The 
peak vertical force magnitudes for turning (TN Fz) yielded an average of just 
over two times the player bodyweight. The anterior-posterior horizontal force for 
turning (TN Fy) showed a similar pattern to running in that a first passive peak of 
just less than the player bodyweight (that refers to foot braking) occurred 
followed by an active peak of a lower magnitude (that refers to the change in 
the running direction). The ground reaction contact time for turning was 
approximately 0.6 seconds. 
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Figure 3.17 Typical vertical (Fz) and horizontal (Fy) Ground Reaction 
 Force-time history profiles for turning (TN). 
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A summary of the GRF results from an ANOVA (p < 0.05) for each movement 
and surface based on selected variables is presented in the Table 3.6. 
 
Table 3.6 Group mean and standard error for force plate data for 9 players running and turning.  
Kinetic variables
Running
Fz
max (BW) 2.70 ± 0.02 2.71 ± 0.03 2.70 ± 0.02
t_Fz
max (s) 0.113 ± 0.002 0.114 ± 0.002 0.114 ± 0.002
dFz
max (BW s-1)* 105.11 ± 3.05 94.96 ± 4.19 98.02 ± 3.76
t_dFz
max (s)* 0.032 ± 0.001 0.028 ± 0.001 0.031 ± 0.001
Fy
max (BW) 0.24 ± 0.01 0.22 ± 0.01 0.24 ± 0.01
t_Fz
max (s) 0.068 ± 0.002 0.067 ± 0.002 0.068 ± 0.002
dFy
max (BW s-1) 3.80 ± 1.20 3.81 ± 1.66 3.83 ± 1.30
t_dFy
max (s) 0.041 ± 0.001 0.039 ± 0.001 0.039 ± 0.001
(Fy
 / Fz)
max 0.11 ± 0.01 0.10 ± 0.01 0.11 ± 0.01
t_(Fy
 / Fz)
max 0.067 ± 0.001 0.065 ± 0.001 0.070 ± 0.001
Turning
Fz
max (BW) 2.33 ± 0.07 2.32 ± 0.07 2.33 ± 0.07
t_Fz
max (s) 0.088 ± 0.002 0.086 ± 0.002 0.086 ± 0.002
dFz
max (BW s-1) 97.89 ± 5.70 110.31 ± 9.05 102.33 ± 7.06
t_dFz
max (s) 0.039 ± 0.001 0.038 ± 0.001 0.039 ± 0.001
Fy
max (BW) 0.87 ± 0.02 0.88 ± 0.02 0.88 ± 0.02
t_Fz
max (s) 0.102 ± 0.002 0.101 ± 0.002 0.103 ± 0.002
dFy
max (BW s-1) 14.13 ± 0.66 15.86 ± 1.14 15.36 ± 0.77
t_dFy
max (s) 0.045 ± 0.001 0.046 ± 0.001 0.045 ± 0.001
(Fy
 / Fz)
max 0.38 ± 0.01 0.37 ± 0.01 0.38 ± 0.01
t_(Fy
 / Fz)
max 0.085 ± 0.001 0.083 ± 0.001 0.086 ± 0.001
*Significant at p < 0.05
Sandy LoamSand Clay Loam
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Analysis of group mean data revealed that Fymax and the (Fy / Fz)max ratio were 
found to be more than three times higher, on average, for turning than running.  
The peak vertical force (Fzmax), the peak horizontal force (Fymax), the peak ratio 
between horizontal and vertical force (Fy / Fz)max and their times of occurrence 
did not vary significantly with changes in surface. However, significant 
differences were noticed between surfaces for peak vertical rate-of-loading 
(dFzmax) and its time of occurrence (t_dFzmax). The Sand condition resulted in a 
significantly greater (10%) vertical rate-of-loading occurring later in time 
compared to the Clay Loam and Sandy Loam as illustrated in Figure 3.18. The 
peak horizontal rate of loading (dFymax) remained consistent between surfaces. 
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Figure 3.18 Group mean peak vertical rate-of-loading (dFzmax) for running from the force plate. 
Errorbars represent means and standard errors, respectively.  * represents means separated by 
the LSD at p = 0.05. 
 
*
 
         
50 
Infrared cameras: movement analysis 
 
A summary of the kinematic data with mean and standard error values from an 
ANOVA (p < 0.05) for running on each of the surfaces based on selected 
variables is presented in Table 3.7. An angular convention is also presented to 
assist data interpretation. 
 
Table 3.7 Group mean and standard error data for joint/segment angles and angular velocities 
for 9 players running.  
Kinematic variables
φi (deg) 15.24 ± 0.65 13.97 ± 0.60 14.70 ± 0.63
dφmax (deg s-1) 238.39 ± 5.15 238.59 ± 5.72 249.64 ± 6.30
dhz
i (m s-1) 0.51 ± 0.10 0.50 ± 0.10 0.54 ± 0.10
αi (deg) 2.36 ± 0.83 0.62 ± 0.88 1.18 ± 0.81
αmax (deg) 13.90 ± 0.90 14.22 ± 0.89 14.01 ± 0.91
t_αmax (s) 0.147 ± 0.002 0.149 ± 0.002 0.147 ± 0.001
αROM (deg) 11.54 ± 0.32 13.60 ± 0.41 12.83 ± 0.36
dαmax (deg s-1) 231.47 ± 3.43 243.50 ± 2.29 237.20 ± 2.86
t_dαmax (s) 0.099 ± 0.001 0.095 ± 0.001 0.092 ± 0.001
κi (deg) 10.89 ± 0.43 10.53 ± 0.60 10.60 ± 0.48
κmax (deg) 34.64 ± 0.51 35.30 ± 0.63 34.86 ± 0.41
t_κmax (s) 0.118 ± 0.001 0.115 ± 0.001 0.114 ± 0.001
κROM (deg) 23.75 ± 0.63 24.76 ± 0.57 24.26 ± 0.53
dκmax (deg s-1) 311.11 ± 5.15 305.95 ± 6.87 310.54 ± 5.72
t_dκmax (s) 0.060 ± 0.001 0.054 ± 0.001 0.051 ± 0.001
Sandy LoamSand Clay Loam
 
 
No differences were measured for the initial foot angle (φi), peak foot angular 
velocity (dφmax) and heel impact vertical velocity (dhzi) across surfaces. Initial 
and peak ankle and knee joint angles (αi, αmax, κi, κmax) and angular velocities 
(dαmax, dκmax) also remained at similar levels with change in surface. Ankle 
range of movement (ROM) appeared to be lower on the Sand surface 
compared to the Clay Loam surface however this reduction was not significant 
at a confidence level of 95%. All of which indicates that no apparent kinematic 
adjustments took place with the change in surface. 
 
All the results presented in this study have been obtained following a group 
player analysis, this carries the disadvantage that individual features are lost 
when one value is used to represent a number of individuals (Bates, 1996). 
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However, the use of group mean analysis is justifiable in order to generalize 
research findings to a wider population. 
 
The kinetic and kinematic data presented demonstrate that typical mean force-
time history shape and magnitudes of ground reaction forces together with knee 
and ankle joint variables have been achieved from players performing typical 
sports movements on a variety of NTPs in the biomechanics laboratory.  These 
values compare well to those obtained from the pilot experiment (Stiles et al., 
2006) and the studies presented in the literature (Miller, 1990; Coyle and Lake, 
1999), confirming that the kinetics and kinematics of running and turning have 
been satisfactorily reproduced in this experiment. 
 
Vertical force components can be linked to the cushioning properties of the 
surfaces, whereas the horizontal ground reaction forces can be related to the 
frictional properties. The fact that values of peak vertical and horizontal force 
were maintained constant with the change in surface can be related to the 
hypothesis that the GRFs represent the acceleration of the total-body centre of 
gravity and, it appears that this acceleration is kept at consistent levels despite 
changes in the impacting interface (Bobbert et al., 1992).  Despite the fact that 
no kinematic adjustments were observed on the different surfaces, it has been 
suggested in the literature that similar impact forces across conditions are 
achieved by adjustments in running kinematics, compensating for changes in 
stiffness of the impact interface, varying the lower extremity geometry and 
impact velocity of the body immediately before ground contact (Dixon & Stiles, 
2001). 
 
Loading rates, as seen for the peak vertical rate-of-loading (dFzmax), have been 
found to be more sensitive to changes in surfaces than ground reaction forces 
alone. The use of the loading rates simplifies the loading phase of the GRF and 
it overcomes the difficulty of choosing between active and passive forces (not 
always present) to develop the kinetic analysis. Loading rates represent how 
fast the forces are applied by the player over a specific surface and also how 
quick the energy is returned back to the player. The results so far suggest that 
the loading rates may have an important role controlling the occurrence of injury 
in running. A more cushioning surface will work to decrease the forces between 
the body and the surface by increasing the time of collision, i.e. reducing the 
loading rate. Likewise, the shorter the impact time, the greater the loading rate, 
the smaller the cushioning is and so the bigger risk may be for the player. It is 
hypothesized that the NTPs tested in the project present different resistance 
to deformation by an applied force, that is, different elastic stiffness and 
plastic deformation and that this is the cause why players alter their loading 
rates for different surfaces. 
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Insole devices: in-shoe forces and pressure 
 
In addition to analysis of the ground reaction force profile, the pressure under 
the foot was analysed to aid kinetic characterisation, showing the progression of 
load per unit of time during ground contact. A description of a running step 
follows next based on Figure 3.19 that illustrates typical force, contact area and 
pressure-time histories during running. The variables are split into two 
components corresponding to the rear-foot and fore-foot. Total values of force, 
area and pressure come from to the contribution of the two areas at any given 
time. When a player impacts the surface, first, the rear foot (heel area) strikes 
the ground and the force in the heel area increases reaching a maximum of  
1 BW at around 50 ms. This creates a first peak pressure around the heel area 
occurring at approximately the time of heel peak force (the time of peak passive 
force where present). By the time the rear-foot peak force decreases, the force 
in the fore-foot (ball of the foot and toes area) begins to increase and greater 
peak force and peak pressure occur at the point of foot push-off. The maximum 
contact area is reached when the rear-foot coincides with the fore-foot. Then 
the fore-foot remains in contact for longer time until foot-off. The pattern 
described is typical of a heel-toe running style. The lack of the peak passive 
force usually seen in heel-toe strikers may be due to a lower data capture rate 
of the insole system compared to the force plate as was illustrated in Figure 
3.16. In general terms, the average and peak force and pressure around the 
fore-foot is bigger than for the rear-foot.  
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Figure 3.19 Force, contact area and pressure during running 
 for two anatomic parts within the foot from a typical player trial. 
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Kinetic pressure data were collected for 3 conditions and 2 movements, but due 
to the limited resources and time available, the pressure analysis was only 
carried out on the Sand and Clay Loam conditions for the running movement. 
These surfaces represented extremes in terms of the mechanical properties of 
the NTPs involved in the study. Running was selected on the basis that the 
force plate data for running, unlike for turning, revealed significant differences. A 
preliminary analysis showed no significant differences between conditions in 
terms of pressure (ANOVA (p < 0.05), see Appendix D). 
 
3.4.4. Biomechanical integrated analysis 
 
The treatment structure revealed very few differences among soils in the 
ANOVA. What is causing variation in the data and what is that variation related 
to? Alternative statistical techniques make it possible to explain the variation in 
the data. Hierarchical cluster analysis explores the structure of the variation. 
Further statistical analysis integrated kinetic and kinematic data. All the data for 
running (Sand and Clay Loam conditions only) were normalised to have a mean 
of 0 and a standard deviation of 1, thus maintaining the variation in the variables, 
and then a distance matrix was generated. The clusters were assigned based 
on the biggest difference resulting in the largest Euclidean distances in this 
matrix ('Dissimilarity', Figure 3.20). 
 
 
Figure 3.20 First data partition for running on the Sand and Clay Loam conditions showing 
Player (subject) 9 is different.  For each subject, Sand and Clay Loam conditions were found to 
be different (S and C, respectively). 
 
The analysis of the variation in the peak foot pressure data (PkP) presented in 
Figure 3.21, revealed that the range of PkP for Player 9 was unlike the typical 
pressure range for all the other players. It is believed that insole might have 
worn out and failed for Player 9 who the last subject using the pressure 
systems.   
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Figure 3.21 Player box plots for peak foot pressure data (Pmax). 
  
Player 9 was therefore excluded from any post-hoc statistical analysis as his 
mean values were significantly different from the whole group. Data for the 8 
remaining players were divided again into Subgroup A that included players 
1,2,3 and 7 and Subgroup B that included players 4,5,6 and 8 as shown in 
Figure 3.22.  Table 3.8 details the group mean data derived from the GLM 
developed following the clustering analysis. 
 
 
Figure 3.22 Second data partition for running on the Sand and Clay Loam conditions showing 
how the data can be grouped into Subgroup A consisting of players 1,2,3 and 7 and Subgroup 
B consisting of players 4,5,6 and 8.  
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Table 3.8 Group mean and standard error kinetic and kinematic data for 8 players running split into 
Subgroups using hierarchical cluster analysis.  Subgroup A: Players 1,2,3 & 7. Subgroup B: 
Players 4,5,6 & 8. 
Force Plate
Fz
max (BW) 2.57 ± 0.03 2.73 ± 0.03 2.61 ± 0.03 2.71 ± 0.03
t_Fz
max (s) 0.112 ± 0.003 0.117 ± 0.002 0.118 ± 0.002 0.116 ± 0.002
dFz
max (BW s-1)* 116.42 ± 5.72 88.08 ± 5.54 95.59 ± 4.63 92.27 ± 5.24
t_dFz
max (s)* 0.036 ± 0.005 0.035 ± 0.001 0.031 ± 0.001 0.031 ± 0.003
Fy
max (BW) 0.32 ± 0.01 0.36 ± 0.01 0.32 ± 0.01 0.34 ± 0.01
t_Fz
max (s) 0.066 ± 0.002 0.068 ± 0.002 0.068 ± 0.002 0.065 ± 0.003
dFy
max (BW s-1) 3.78 ± 2.02 3.82 ± 1.69 3.80 ± 2.09 3.78 ± 2.98
t_dFy
max (s) 0.048 ± 0.006 0.049 ± 0.004 0.043 ± 0.002 0.044 ± 0.004
(Fy
 / Fz)
max 0.119 ± 0.007 0.133 ± 0.005 0.121 ± 0.008 0.134 ± 0.005
t_(Fy
 / Fz)
max 0.065 ± 0.001 0.071 ± 0.001 0.065 ± 0.001 0.068 ± 0.002
Insole System
Fz
max (BW) 2.54 ± 0.03 2.69 ± 0.03 2.58 ± 0.03 2.67 ± 0.03
t_Fz
max (s) 0.105 ± 0.007 0.107 ± 0.005 0.108 ± 0.007 0.102 ± 0.005
dFz
max (BW s-1)* 153.18 ± 7.17 61.48 ± 4.62 125.05 ± 6.49 60.18 ± 6.01
t_dFz
max (s)* 0.036 ± 0.002 0.033 ± 0.004 0.027 ± 0.001 0.031 ± 0.002
 
Amax (mm2) 4151.61 ± 97.40 4676.92 ± 141.03 4269.32 ± 107.18 4550.41 ± 181.35
Ā (mm2) 2577.11 ± 58.87 3116.24 ± 97.51 2629.32 ± 58.47 2994.54 ± 118.93
Pmax (BW mm-2) 19.56 ± 0.88 16.95 ± 1.35 19.24 ± 1.08 17.77 ± 1.32
t_Pmax (s) 0.167 ± 0.009 0.151 ± 0.005 0.162 ± 0.009 0.161 ± 0.006
dPmax (BW mm-2 s-1)* 0.78 ± 0.06 0.29 ± 0.06 0.61 ± 0.06 0.30 ± 0.04
t_dPmax (s)* 0.033 ± 0.001 0.035 ± 0.003 0.026 ± 0.002 0.025 ± 0.004
PR
max (BW mm-2) 11.08 ± 0.95 8.93 ± 0.87 11.69 ± 0.87 10.17 ± 0.84
t_PR
max (s) 0.048 ± 0.001 0.044 ± 0.007 0.052 ± 0.001 0.054 ± 0.007
dPR
max (BW mm-2 s-1)* 0.75 ± 0.07 0.28 ± 0.11 0.56 ± 0.07 0.26 ± 0.09
t_dPR
max (s)* 0.016 ± 0.001 0.014 ± 0.001 0.016 ± 0.001 0.015 ± 0.004
PF
max (BW mm-2) 14.54 ± 0.80 15.16 ± 1.25 13.39 ± 1.04 13.97 ± 1.28
t_PF
max (s) 0.122 ± 0.004 0.147 ± 0.004 0.131 ± 0.003 0.151 ± 0.004
dPF
max (BW mm-2 s-1)* 0.64 ± 0.18 0.24 ± 0.03 0.49 ± 0.15 0.20 ± 0.03
t_dPF
max (s)* 0.053 ± 0.003 0.057 ± 0.007 0.051 ± 0.002 0.053 ± 0.006
Infrared Cameras
φi (deg) 19.24 ± 2.27 14.05 ± 1.94 17.09 ± 2.82 13.24 ± 1.70
dφmax (deg s-1) 262.69 ± 25.85 230.00 ± 25.70 273.34 ± 33.00 222.19 ± 17.00
dhz
i (m s-1) 0.57 ± 0.02 0.49 ± 0.06 0.46 ± 0.03 0.56 ± 0.02
αi (deg) 21.52 ± 2.42 1.74 ± 7.71 20.09 ± 2.56 0.77 ± 7.61
αmax (deg) 33.83 ± 3.82 13.63 ± 7.49 33.59 ± 3.18 14.21 ± 8.24
t_αmax (s) 0.146 ± 0.002 0.147 ± 0.002 0.149 ± 0.002 0.147 ± 0.002
αROM (deg) 12.24 ± 2.12 11.73 ± 0.44 13.45 ± 1.91 13.59 ± 2.32
dαmax (deg s-1) 240.05 ± 10.64 235.82 ± 17.65 250.23 ± 12.59 240.23 ± 9.69
t_dαmax (s) 0.098 ± 0.001 0.099 ± 0.001 0.094 ± 0.001 0.095 ± 0.001
κi (deg) 16.69 ± 3.70 10.47 ± 3.85 16.36 ± 4.05 10.85 ± 3.41
κmax (deg) 44.15 ± 3.18 33.45 ± 5.98 43.67 ± 2.93 34.72 ± 5.74
t_κmax (s) 0.118 ± 0.001 0.116 ± 0.001 0.114 ± 0.001 0.115 ± 0.001
κROM (deg) 27.60 ± 1.34 23.12 ± 2.33 28.35 ± 1.46 23.85 ± 2.03
dκmax (deg s-1) 349.26 ± 13.97 299.51 ± 16.28 352.95 ± 23.81 282.18 ± 30.63
t_dκmax (s) 0.060 ± 0.001 0.058 ± 0.001 0.054 ± 0.001 0.056 ± 0.001
Significant level at *p < 0.05 for surface x subgroup interaction
Sand Clay Loam
Subgroup A Subgroup B Subgroup A Subgroup B
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In the force plate data, the peak horizontal force (Fymax), the horizontal rate-of-
loading (dFymax), the ratio (Fy / Fz)max and their times of occurrence were 
maintained at similar levels across surfaces and subgroups (A and B). No 
significant difference was found between surface types for peak force (Fzmax), 
however Subgroup A players yielded significantly lower values of Fzmax than 
Subgroup B. The time of Fzmax was however maintained at similar values 
between surfaces and subgroups. A significant interaction between surface type 
and subgroups was found in terms of the peak vertical rate-of-loading (dFzmax). 
Thus, significantly higher values of dFzmax occurring later in time were found for 
the Sand condition and for the Subgroup A players. 
 
From the insole system data, the same pattern that was observed for dFzmax in 
Figure 3.18 was determined after performing the cluster analysis as shown in 
Figure 3.23. No significant difference for the peak contact area (Amax) and the 
mean contact area (Ā) was found with the change in surface. However contact 
areas yielded significantly lower values for Subgroup A players. The peak 
pressure (Pmax) and its time of occurrence (t_Pmax) remained consistent across 
conditions and subgroups. The peak pressure rate-of-loading (dPmax) presented 
a similar surface x subgroup interaction showing a trend to mimic vertical 
loading rate (dFzmax) patterns. Thus, dPmax took place later in time and was 
found to be significantly higher for the Sand condition and for the Subgroup A 
players. This trend was also confirmed for fore-foot peak pressure rate-of-
loading (dPFmax). The rear-foot peak pressure rate-of-loading (dPRmax) showed a 
significant difference between subgroups but did not show any with the change 
in surface. The respective pressure times of occurrence (t_dPmax and t_dPFmax) 
for each mask showed that the peak pressure rate-of-loading (dPmax) occurred 
earlier in time for Subgroup B players and for the Clay condition. The times for 
the remaining variables were non-significant although still consistent with the 
plots presented in Figure 3.19. The insole systems were proved to match the 
findings derived from the force plate and typical values from other research 
(Hennig, 2002; Fork et al., 2006). 
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Figure 3.23 Peak vertical rate-of-loading (dFzmax) and peak pressure rate-of-loading (dPmax) for 
the Sand and Clay conditions and for subject Subgroups A and B from the insole system. 
Errorbars represent means and standard errors, respectively. 
 
As mentioned before, no significant kinematic differences were measured 
between surfaces which indicate that no apparent kinematic adjustments took 
place with the change in surface. Instead, there were significant differences in 
the subgroups that the cluster analysis assigned. Thus, initial and peak joint 
angles for the ankle and knee (αi, αmax, κi, κmax), knee ROM and peak angular 
joint velocity for the knee (dκmax) were significantly higher for Subgroup A as 
can be appreciated in Figure 3.24. The respective times of occurrence for those 
variables were significantly longer for Subgroup A. All of which indicates that the 
intrinsic running style of these two subgroups was different. The mean mass of 
players in Subgroups A was not found to be significantly different from 
Subgroup B.  
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Figure 3.24 The initial knee angle was significantly higher for Subgroup A.  
No significant difference was found between surfaces.  
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There is also kinetic evidence to support the hypothesis that players changed 
their way of running depending on the surface condition and so that it is the 
surface that is controlling the rate of loading (passively). Thus, Subgroup A 
showed higher loading and pressure rates (dFZmax, dPmax) and they yielded 
higher initial joint angles compared to Subgroup B. The low relative magnitude 
of initial ankle joint angle presented by Subgroup B suggests they represent 
mid-foot strikes running flat-footed compared to Subgroup A players who 
present a much higher initial ankle joint angle suggesting they were running 
heel-toe. However of those kinetic and kinematic differences between player 
subgroups, there was no kinematic evidence that different subgroups modified 
their running behaviour based on the surface they performed on. 
 
Based on the study hypotheses, a greater initial knee flexion, lower initial foot 
and ankle flexion, lower heel and peak foot angular velocities would be 
expected on the surface showing the greatest rate-of-loading and pressure rate, 
that is, the Sand condition. The fact that similar joint angles and velocities were 
observed across surfaces and that no indication of leg geometry adjustments 
when running on different surfaces that could explain the different loading rates 
were found, suggests that players prefer to maintain similar leg geometries and 
stiffness when running on a variety of NTPs which would leave the differences 
in loading rates found unexplained.  
 
Alternatively, the mechanical properties of the NTPs selected for the research 
may not have been sufficiently different to elicit changes in player response 
during running. There is further related evidence from other research that 
seems to suggest that within the range that NTPs is normally modified to 
provide a well managed playable surface, all NTPs behave similarly. A study by 
Dixon et al. (2008) did not show any pressure differences when running on a 
sandy loam soil (similar to the Sandy Loam condition used for the current study) 
that ranged from a very lose state to a highly compacted state. However, the 
presumption that the occurrences of injuries through proposed, and still poorly 
understood, mechanisms of increased levels of impact and altered joint 
movement patterns, as a consequence of playing on NTPs, is still prevalent 
(Hamill et al., 1992; Stergiou and Bates, 1997; Stiles et al., 2006) and so further 
research is required to completely understand this issue. 
 
3.5. Biomechanical study summary, evaluation and links 
to the soil Mechanical study 
 
The present study provides a foundation on which to investigate player 
behaviour with changes in surface using running and turning movements. Two 
sports-specific movements were analysed in the biomechanics laboratory using 
a group subject experimental design. Biomechanical analysis allowed 
characterisation of each movement determined by kinetic and kinematic 
variables with change in surface to determine whether changes in human 
response could be detected and wear and degradation differences in surface 
type determined. 
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The literature usually cites a lack of correlation between biomechanical and 
mechanical test findings to relate running to changes in surface properties (Nigg 
and Yeadon, 1987; Dura et al., 1999; Dixon and Stiles, 2003). In the present 
study however, mechanical findings showed that Clay Loam appeared to be the 
softest surface deforming more than the other two conditions during running. 
Furthermore, biomechanical findings showed that Clay Loam yielded lower 
loading and pressure rates, which suggests that the stiffness of Clay Loam 
condition is lower compared to the Sand condition, from which a smaller 
deformation could therefore be expected, matching again the mechanical 
findings. 
 
From the time the experiment was designed, special attention was paid to the 
tray edges. At first it was thought that they could affect the biomechanical 
experiments since contact with the edges of the turf trays, an event likely to 
occur given the type of studded footwear used, could cause the players to 
adjust their natural running or movement behaviour either to avoid the tray edge 
or to respond to some discomfort noticed and possibly the risk of injury. The 
turfgrass was left growing over the ends of trays to minimize the adjustments 
that subjects could still perform affecting their running style in preparation for 
contact with a different surface. An attempt to cut the edges off resulted in the 
integrity of the trays being risked which made their manual handling difficult in 
the laboratory. It could be that the tray edges are the reason why the kinematics 
did not show any differences between surfaces. But it seems unlikely according 
to the kinetic findings presented and from observation of running foot-fall in the 
laboratory. It may be that changing the loading and pressure rate is a 
mechanism easier to perform by the players or, easier to detect than altering 
the joints geometry. However, a greater variation in the mechanical properties 
of the conditions seems to be a more likely cause here. 
 
Nevertheless, to overcome the issue, the use of a non disruptive surface facility 
similar to the soil bin used by Dixon et al. (2008) where turfgrass could be 
introduced would be preferred for further research on the subject. It is proposed 
that future work will assess kinematic response when performing similar 
movements with changes in natural turf condition from a very wet and very dry 
Sand and Clay Loam conditions, respectively that will provide a very hard and 
soft surfaces, with hopefully enough mechanical property range to enable to see 
kinematic differences. Such extreme conditions may introduce more ethical 
issues to ensure the safety of players at all times providing, for instance, 
sufficient stud penetration preventing them from sliding and getting injured. 
 
Surface mechanical data were inconsistent and, although no pressure or 
kinematic analysis was performed for the turning movement, no agreement with 
the biomechanical data was determined. However, turning movements that 
result in a change of direction of the player have been found to yield 
approximately four times the magnitude of horizontal (braking) forces and 
loading rates compared to when running. Compared to running, turning imparts 
greater horizontal forces and rates of loading on the turf thus placing greater 
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reliance on the shear strength properties of the surface in order for the 
participant to successfully and consistently perform the movement in a stable 
manner.  Given the increased need for the participant to utilise mechanical 
properties of the turf surface when performing a turning manoeuvre, it is 
suggested that this movement would provide more scope to study kinematic 
measures of human response with changes in natural turf condition. Therefore, 
it is proposed that future work for this project will also assess kinematic 
response to different turf surfaces when performing turning movements.  This 
analysis has not been possible in this thesis because the determination of the 
biomechanics parameters is outstanding at this point and falls outside the limit 
of this thesis. 
 
The mechanical in situ tests utilized have not been found to be accurate enough 
for the purposes of this study and it is therefore necessary further 
characterization of the surfaces in a way that enables to fully explain the 
biomechanical player findings presented. With regards to the mechanical 
devices used, it is suggested that the use of a heavier hammer (2.25 kg less 
influenced by the grass instead of 0.5 kg) and a soil penetrometer (instead of 
the shear vane) would provide more accurate results for further research that 
wishes to assess mechanical properties of NTPs, specially for turning 
manoeuvres. Unfortunately, at the time of the experiments were performed 
however, only the devices used were available. 
 
The chapter has quantified the stresses applied by players when running on 
NTPs and has been focused on the effect of NTPs on players using the 
biomechanical laboratory facilities provided at University of Exeter. However, 
the attempts to monitor surface mechanical properties and its wear and to 
degradation (such as compaction) have not supplied sufficient information to 
draw a definitive conclusion about the different behaviour observed for the 
players and surfaces. More controlled mechanical testing equipment that will 
reproduce the player inputs measured in the present study (real rates of loading, 
force and pressure) in the soil dynamics laboratory at Cranfield University will 
be presented in Chapter 4. Chapter 4 will focus on the effect of the player on 
NTPs and will provide further information about stiffness differences under 
typical human stresses when running.  This will increase the understanding of 
the player-surface interaction. The complete mechanical and biomechanical 
combined approach will define this research study as novel and unique. 
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4. SOIL MECHANICAL STUDY 
4.1. Introduction  
 
The player stresses when performing typical sports movements were recorded 
in the biomechanics laboratory and reported in Chapter 3 where the effect of 
different NTPs on player behaviour was discussed. In this chapter, the effect of 
players on different NTPs was studied by simulating player loadings in the soil 
dynamics laboratory (Objective 3). The key question was to find out whether the 
greater rate-of-loading measured in the previous chapter was caused by greater 
soil stiffness. Following the discussion presented in the biomechanical study 
(Sections 3.4 & 3.5), the interaction will be focused on the running movement.  
From a soil mechanical point of view, running is a complicated process where 
turf and soil are compressed and sheared simultaneously and it is difficult to 
mimic in a soil laboratory. The present chapter divides player-surface interaction 
into a vertical interaction where soil is compressed and a horizontal interaction 
where soil is sheared. Horizontal interaction was approached in accordance 
with the Mohr-Coulomb theory of soil failure in shear and vertical interaction by 
means of the response of different NTP construction materials (soils) in uni-
axial and tri-axial compression tests with cyclic loading based on layer loading 
data recorded in the biomechanics experiment. 
 
4.2. Materials and experimental methods 
4.2.1. Tri-axial compression 
 
Strength is the ability to carry stress and a measure of the maximum stress 
state that can be induced in a material without failing. Strength can be referred 
to in terms of compressive stress or tensile stress but fundamentally it is the 
ability to resist shear stress that provides strength in soils. In hard, brittle soils, 
failure may lead to the formation of shear slip surfaces over which a sliding 
movement takes place. In softer, more plastic soils, failure occurs as a result of 
internal particle flow (Whitlow, 2001). Soil shear strength is commonly 
measured in the quasi-static tri-axial compression method, in which a cylindrical 
soil sample contained within a thin rubber membrane is subjected to an axial 
load while confined laterally by water at a pressure σr (or minimum/minor 
principal stress, σ3). Then the load is increased until the soil fails at an axial 
stress σa (or maximum/major principal stress, σ1) as illustrated in Figure 4.1. 
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Figure 4.1 Principal stress diagram to which the sample inside the tri-axial compression 
apparatus is subjected. σr and σa represent the minimum and maximum principal stresses, 
respectively. σ and τ represent the normal and shear stresses at failure. 
 
Samples can be either drained or left un-drained. In the present study, un-
drained tests were preferred, in keeping with player dynamic loadings, 
assuming loads are applied so quickly as to not allow soil drainage during 
loading. The soil is normally found in an un-saturated state in an NTP as a 
mixture of soil particles together with air and water which is essential to ensure 
the survival of the grass plant. If such conditions of air and water presence are 
reproduced in the laboratory when drainage is prevented, then when load is 
applied to the system, pressure develops in the air, the water and in the solid, 
and so the applied load will not be wholly supported by the soil particles 
(Terzaghi, 1943). The effective stress (σ’) represents the stress on the solid 
phase of the soil, that is, on the soil skeleton. To cover un-saturated conditions, 
Bishop and Blight (1963), assuming the particles and water incompressible, 
proposed a modified effective stress: 
 ( )wa uu −+= χσσ '   (Equation 4.1) 
 
Where σ is the applied total normal stress, ua is pore air pressure, uw is the 
water pressure and χ is a parameter related to the degree of saturation (1 for a 
saturated soil, 0 for a dry soil), determined experimentally from tri-axial 
compression tests. As an extension to the above work, Fredlund and Rahardjo 
(1993) based all of their analysis on unsaturated soils on the theory that soil is a 
four phase system: soil particles, air, water and contractile skin (the air-water 
interface). They suggested three possible normal stress variables: 1. (σ - uw) 
and (ua - uw); 2. (σ - ua) and (ua - uw) or 3. (σ - ua) and (σ - uw), of which any two 
could be used to define the stress state of the soil. The pore air pressure (ua) is 
required for any case.  
 
Unfortunately, the modifications available to conventional tri-axial equipment to 
control pore air pressure are not particularly appropriate when dealing with the 
high strain rates applied by humans as the time for air pressure to move 
through and equilibrate along the sample takes too long (GDS Instruments, per. 
comm.) and so no measurement of the pore air pressure was carried out in the 
present study.  Therefore the experiments performed should be viewed as total 
stress type tests rather than effective stress tests.  The material only “feels” the 
effective stress and not the external or total value of the stress state. The total 
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stress is a contribution of the effective stress, the air and the water pressures as 
described by Equation 4.1 and therefore the results derived from such tests will 
only serve as an indication of the soil shear strength since the actual stresses at 
failure will be unknown (Fredlend & Rahardjo, 1993). 
 
Dynamic Tri-axial Testing System (DYNTTS) overview 
 
The DYNTTS system consists of the following major subsystems (Figure 4.2): 
 
• Actuator unit (1), cell top and balanced ram (2) 
• Back pressure controller (3) and cell pressure controller (4) 
• PC, High Speed Data Acquisition and Control Card (HSDAC) (5) 
• Signal conditioning unit / Digital Transducer Interface (DTI) (6) 
 
 
Figure 4.2 The DYNTTS comprises the following separate items: a tri-axial cell (2) integrated on 
an axial dynamic actuator (1), a back pressure (3) and a cell pressure (4) controller, a PC-
resident data acquisition and control card (5) and a data interface unit for signal conditioning (6). 
A soil sample specimen can be seen in place. 
 
As described by Menzies et al. (2002), the actuator unit is the main cabinet 
which houses the axial actuator and on which the cell base is fixed. It consists 
of a servo-motor which drives a ball screw via a toothed belt and gives dynamic 
control of axial deformation or axial force to 2 Hz / 10 kN. The axial ram is 
attached to a thrust-cylinder and ball-nut which is driven by the ball screw. The 
thrust cylinder is prevented from turning by means of a linear guide connected 
to the centre plate. The thrust cylinder is connected to the axial ram which 
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passes through the balanced ram arrangement and then through the base of 
the cell. The base pedestal is connected to the ram. The cell top is fixed on the 
top of the actuator unit by six tie rods. The actuator unit houses all of the 
hydraulic connections to the cell, which are back pressure, pore pressure, cell 
pressure and cell fill / empty connections.  
 
The cell top is removable to allow the test specimen to be put in place. Test 
specimens of diameter 38, 50, 70 and 100 mm can be accommodated by 
interchangeable base pedestals and tri-axial extension top caps. The cell 
includes an internal axial load cell, a pore pressure digital transducer of capacity 
2 MPa, and it is connected to a cell pressure and back pressure digital 
transducers of capacity 2 MPa. Each of them senses pressure from a pressure 
transducer inside the controller pressure cylinder, converts this into digital form 
and then turns the motor to increase or decrease the pressure as required. 
 
The cell is provided with a balanced ram to eliminate disturbance to constant 
cell pressure during dynamic tests. The cell fluid is water. This compensates for 
the volumetric displacement of the loading ram into or out of the cell. Down the 
centre of the hollow ram, the cell fluid is hydraulically connected to a chamber 
through which the ram passes. In this chamber the ram has an annular piston 
attached to it. The annular area is exactly equal to the area of the ram. When 
the ram moves in the cell and causes a volume change, the annular piston 
causes an equal and opposite volume change. In this way the net volume 
change in the cell is zero. In addition, cell pressure acting on the annular ring 
automatically compensates for the effect of cell pressure acting on the ram. This 
means that the axial force capacity of the cell is independent of cell pressure.  
 
The signal conditioning units consist of both analogue and digital signal 
conditioning. The analogue signal conditioning consists of an eight channel 
board which supplies excitation to each transducer. This card is installed in a 
free-standing unit (DTI) which is placed next to the computer. All outputs are 
conditioned to +/- 10 V for input to the High Speed Data Acquisition and Control 
(HSDAC) card installed in the computer. The digital signal conditioning is 
contained in the DTI unit and it consists of a board containing eight channels to 
interface from the HSDAC card to the motor controller and vice-versa. The 
HSDAC card is used to control axial controller. For closed loop load control, 
feedback is taken from the internal load cell output. For closed loop deformation 
control, feedback is taken from the axial motor high speed shaft encoder. Thus, 
the system control is shared between the control software (GDSLAB) and the 
control firmware which resides in the HSDAC card which has an internal 
memory of 64 kb (Hooker, 2002).  
 
On-board computer control is via one synchronised self calibrating PC-resident 
16 bit data acquisition and control card monitoring the input. This card has a 50 
kHz capacity digital-analogue conversion rate. The card is dedicated to the 
logging and control of axial displacement and axial force. All required signal 
conditioning and motor drive control sub-systems are housed in the integral 
base unit. The GDSLAB control and data acquisition software package runs on 
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a compatible PC. The software provides on-line graphics and real time logging 
to hard disc. Saved data may be analysed later by transferring the ASCII text 
file directly to a spreadsheet or to MATLAB. 
 
The dynamic capability of the system is described in terms of the maximum 
double amplitude of the axial actuator. The maximum double amplitude when 
cycling a sinusoidal waveform at 2 Hz is 5 mm, at 1 Hz is 14 mm and at 0.1 Hz 
is 100 mm. The system performs at speeds defined by these frequencies and 
double amplitudes. How this translates into axial stress control depends entirely 
on the soil stiffness and specified axial stress double amplitude. For stiff soils at 
low axial stress double amplitudes, higher frequencies will be possible than for 
soft soils at high axial stress double amplitudes. The axial displacement 
accuracy is 0.07 % and the resolution for displacement and force is 0.08 µm 
and 0.1 % FRO (Full Range Output), respectively. 
 
4.2.2. Stiffness moduli 
 
The tri-axial stress and strain variables were defined by Whitlow (2001) as 
follows: 
 
raq σσ −=    (Equation 4.2) 
( )rap σσ 23
1 +=   (Equation 4.3) 
l
F
a ∆=σ    (Equation 4.4) 
∫ == lla llldl0 0lnε   (Equation 4.5) 
( )ras εεε −= 3
2   (Equation 4.6) 
rav εεε 2+=    (Equation 4.7) 
 
Where q is the stress difference or the deviator stress; p is the mean normal 
stress; σa is the axial stress; σr is the lateral or radial stress; εa is the axial strain; 
εs is the shear strain and εv is the volumetric strain. The relationship between 
the stress and the strain that it causes is termed the stiffness of the material. 
From the definition of the above parameters, it is possible to express the 
stiffness moduli and the following relationship between them: 
 
vd
dpK ε=    (Equation 4.8) 
ad
dqD ε=    (Equation 4.9) 
sd
dqG ε=    (Equation 4.10) 
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( )ν+= 12
EG    (Equation 4.11) 
( )ν213 −=
EK    (Equation 4.12) 
 
For isotropic elastic deformation, each material has a property that defines its 
volumetric stiffness (bulk modulus, K) and its shape stiffness (shear modulus, 
G). These properties determine the constrained elasticity modulus, D and the 
Poisson’s ratio, ν. For an un-confined test (σr = 1 kPa), the constrained modulus 
represents the elasticity modulus or Young’s modulus of the material.  
 
In this study, Poisson’s ratio and shear modulus were calculated from the 
Young’s modulus and the bulk modulus from Equations 4.15 and 4.16, 
respectively. True strain was replaced by the engineering strain to simplify 
calculations. Therefore, every σ-ε relationship that appears in this report is in 
fact an engineering σ-e relationship: 
 
0
0
l
ll
e
−=    (Equation 4.13) 
 
On the other hand, unlike Hookean materials, the stiffness of soils is not 
constant for a range of stress-strain values. Soils present a non-elastic 
behaviour and the stress-strain curve is not straight as the elastic constants 
vary with stress. Thus, the above described stiffness constants originally 
defined as tangent moduli were redefined as secant stiffness moduli as follows: 
 
v
pK ε∆
∆=    (Equation 4.14) 
a
qD ε∆
∆=    (Equation 4.15) 
 
The change from elastic to plastic straining is marked by a change in slope of 
the stress-strain curve.  In this study, this point will be called the yield plastic 
point and the stress at which occurs, the yield stress. Based on a statistical 
analysis of the linearity of the data, the yield point in this work represents the 
end of the linear phase with a tolerance limit of 5% (95% confidence) in both, 
the isotropic compression and shearing stages. MATLAB scripts were 
developed for calculating the secant stiffness moduli according to the 
expressions described above.  
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4.2.3. Mohr-Coulomb modelling 
 
As mentioned in Section 4.2.1, shear strength is essentially due to the 
development of frictional resistance between adjacent particles, and the 
analysis of soil strength is thus normally based on frictional models such as the 
Mohr-Coulomb model (Fredlund & Rahardjo, 1993). This model replaces the 
complexity of real soil behaviour by a simplified representation of its shear 
strength in a linear relationship between normal and shear stresses at failure 
(Figure 4.1). 
 
r
c σφ
φ
φ
φσ
sin1
sin1
sin-1
cos 2
−
++=   (Equation 4.16) 
 
The axial stress at failure (σ) and radial stresses (σr) are usually plotted on the 
abscissa against shear strength, τ and a Mohr stress circle is drawn through 
these points. Further tests are then run with a range of values for σr and circles 
are constructed as before. As explained by Terzaghi & Peck (1948), Mohr 
proposed that the envelope tangentially to those stress circles defines the 
material strength at failure.  
 
φ⋅σ+=τ tanc   (Equation 4.17) 
 
The angle between a strength envelope and the normal stress axis is termed 
the angle of friction, φ and the ordinate value for a zero normal stress is called 
the cohesion, c (Scott, 2000). The internal friction contribution, that is, the 
interlocking of particles or the resistance to sliding of one particle over another, 
is proportional to the normal stress applied. The angle of the plane of failure (α) 
is a function of the angle of friction (φ):  
 
2
45 φ+°=α   (Equation 4.18) 
 
Mohr-Coulomb stress theory was implemented into MATLAB on a stand-alone 
application that was developed to analyze tri-axial compression data. The piece 
of software works from a set of up to five axial stresses at failure, at a set of 
given confining stresses, and it provides the soil strength (τ) as a linear model of 
the applied vertical stress (σ). 
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4.2.4. Dynamic compression 
 
Real foot-surface impact implies a continuous change in the contact area during 
the time of the impact as it was shown in Figure 3.19. The available 
compression equipment does not allow for a changing loading area. Moreover, 
there is a rolling movement when running that would require a rotation of the 
principal stresses that cannot be achieved with the standard compression 
apparatus available. The DYNTTS system used for the project allows loading a 
soil sample at a certain rate-of-loading applied over a fixed flat area (a Ф 70 mm 
cap with an area, Acap ≈ 3900 mm2) that compresses the cylindrical soil sample 
placed underneath.  
 
The aim of the simulation is to replicate the measured loading rates up to the 
loads applied by the players maintaining the actual stress values. Therefore, not 
only do the ground reaction forces have to be taken into account in the 
simulation, but also the contact area involved. From Table 3.8, a representative 
mean running contact area of around 2900 mm2 was worked out for simulation 
purposes. It is important to note that all area values were derived from the 
pressure insole systems and so they represent the foot area of contact within 
the boot.  The contact area between the outside of the boot and the soil is 
however required as this is the actual surface in contact with the ground. 
 
To determine the external area of the boot, a stand-alone MATLAB image 
analysis script was specifically developed. The subroutine assumes total stud 
penetration and calculates the external contact area of a size 11 boot from a 
black and white photograph of the boot sole used for the biomechanical 
experiments (Figure 3.4). A maximum boot contact area of around 5800 mm2 
was calculated (Figure 4.3). Then, for the mentioned mean foot contact area (Ā) 
of 2900 mm2, and again from Table 3.8, a mean outside boot contact area (Āboot) 
of approximately 3800 mm2 was calculated by comparing the maximum outside 
boot contact area (Abootmax ≈ 5800 mm2) and the maximum foot contact area 
(Āmax ≈ 4400 mm2) as expressed in Equation 4.19. 
 
22
max
max
 3800
4400
58002900 mmmm
A
A
AA bootboot ≈⋅=⋅=  (Equation 4.19) 
 
   
Figure 4.3 Sole of the mean size 11 boot used for the biomechanical experiments (left). The 
photo was turned into a black and white image, split into two half and then the profiles (right) 
were digitized in MATLAB and the total area was calculated by adding up the number of pixel 
between the two profiles. 
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As mentioned before, in order to simulate player dynamic loading of soil, some 
other input parameters were required: the peak vertical force (Fzmax) and the 
peak vertical rate-of-loading (dFzmax) applied by the players. These parameters 
were determined in the biomechanical study presented in Chapter 3. From 
Table 3.8, a mean maximum vertical force of 2.60 BW and a mean maximum 
vertical rate-of-loading of around 95 BW s-1 were converted from body weight to 
units of force / time and taken as representative mean values for the dynamic 
simulation of running. This determined that, for a given mean player weight of 
0.78 kN, peak vertical force and rate-of-loading were approximately 2.10 kN and 
75 kN s-1, respectively. Thus, from Equation 4.20 it was derived that the axial 
force for compression (Faxial-comp) required to mimic a running strike calculated 
was approximately 2 kN. 
 
kN 2
 3800
 3900kN 10.2 2
2
max ≈⋅=⋅=− mm
mm
A
A
FF
boot
cap
zcompaxial  (Equation 4.20) 
 
The effect of the fore-foot and the rear-foot on surface deformation could be 
studied for the different running styles found (mid-foot and heel-toe) and also for 
the different player subgroups, following the approach performed in Chapter 3. 
In practical terms, this approach would require several different dynamic 
simulations to be carried out for the NTPs involved in the project.  Due to time 
constraints of the project, a single simulation for the whole group using the 
mean stresses and contact area values presented was used to develop the 
methodology. 
 
With regards to the rate-of-loading, due to limitations of the soil mechanics 
equipment it was not possible to replicate the peak loading rates above 
mentioned. It is known that a change in strain rate implies a change in the 
amount of strain experienced by the material (Herrick and Jones, 2002). The 
working hypothesis was that stiffness increases with loading rate as soil 
particles would not have enough time to reorganise and accommodate plastic 
strain at the greater strain rate. This highlights the importance of determining 
the mechanical properties of sports surfaces at the actual strain rates that 
players perform in sports. To test soils with the actual player loading rates, a 20 
Hz machine is required. Unfortunately, the available equipment was only a 2 Hz 
machine. A maximum peak loading rate of 6.5 kN s-1 was possible, although 10 
times less than human loading, this is still four orders of magnitude faster than a 
typical quasi-static strain rates of 5 x 10-4 kN s-1 used in ‘quick’-undrained Mohr-
Coulomb type strength testing of soils described in previous sections (BS 
1377:1990 7/8). 
 
Tri-axial compression: lateral stress issue 
 
In soil granular materials, internal frictional resistance is developed between 
adjacent grains. Thus, the horizontal pressure is not usually equal to the vertical 
pressure at the same point, although one is still a function of the other. The 
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magnitude of lateral (horizontal) pressure is dependent on the shear strength of 
the soil, the lateral strain conditions and the state of equilibrium of the soil. 
 
The strain state relating to lateral pressure calculations refers to elastic 
equilibrium with no lateral strain taking place (Whitlow, 2001). If the stress state 
in a soil mass is still below the Mohr-Coulomb failure envelope, the soil is still in 
elastic equilibrium. The soil mass is said to be in an at-rest state and the 
horizontal stress is: 
 
vh K σσ 0=    (Equation 4.21) 
 
Where, σv and σh are the vertical and horizontal stresses and K0 is the 
coefficient of lateral pressure described as a function of the angle of friction (φ) 
of the soil by the following relationship: 
 
φ
φ
sin1
sin1
0 +
−=K   (Equation 4.22) 
 
To simplify the tri-axial testing procedure, a stress condition similar but not 
identical to the “in situ” condition is often approximated by a mean stress (Head, 
1998) and the soil can be subjected to an equal all-round pressure equal to: 
 ( )
3
21 ov k+σ    (Equation 4.23) 
 
In terms of total stresses, the vertical stress can be described as the weight of 
soil vertically above together with any force acting in the soil surface. 
 
vhumanv gz σρσ +=   (Equation 4.24) 
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vhumanv σσ  (Equation 4.25) 
 
Dynamic tri-axial compression was attempted on the Sand soil material, 
assuming that the gravity stress term in Equation 4.24 was negligible, a 
maximum vertical stress of 2 kN, a boot mean contact area of 3.8 x 10-3 m2 
(calculated in Section 4.2.4) and a typical internal angle of friction of 31.81º 
(shown in Section 4.3.1) as reasonable values. Thus, following Equation 4.22, a 
value of mean stress around 250 kPa was obtained as the radial pressure 
needed for simulation. 
 
kPa 250
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sin121 500
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φ
  (Equation 4.26) 
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Preliminary tests carried out at confining stresses of 100 and 200 kPa failed in 
the first cycle of loading and it was confirmed that a minimum stress of 250 kPa 
as calculated by Equation 4.36 was required to perform the tests. 
 
Stress-strain behaviour 
 
Energy can be described as the ability to do work. More work can mean running 
faster or for longer and therefore relates to sports performance. Energy is 
transferred in sports from the player body (Wathlete) to the surface (∆Esurface) and 
back again (Stefanyshyn et al., 2001). The performance is influenced by the 
balance between energy return and energy lost during surface deformation. 
 
surfaveathlete EdrFW ∆=⋅= ∫   (Equation 4.27) 
lostinputreturned EEE −=    (Equation 4.28) 
 
Despite the fact that energy return or the elasticity of NTPs has not been widely 
investigated (Martin et al., 1993), under repetitive loading it could be expected 
that the soil will undergo certain unrecoverable or plastic strain in addition to 
some recoverable or elastic deformation that will be a function of the complex 
interaction of all the components comprising the NTP.  The elasticity of the 
surface represents the capacity to absorb energy when it is deformed and to 
return it, and directly correlates to performance and injury prevention: the 
quicker and greater the energy dissipation, the more shock-absorbent the 
surface. A too compliant surface can lead to early leg-muscle fatigue (Millet et 
al., 2006) while a stiffer surface can result in cartilage damage (Orchard, 2001). 
 
 
Figure 4.4 Example of a hysteresis energy deformation loop. Blue and red represent plastic 
energy dissipated and elastic energy recovered during deformation respectively. εemax and εpmax 
represents the maximum elastic and plastic strain, respectively in the cycle after a repeated 
axial cyclic stress (σmax) was imposed. 
 
Loading Unloading 
σmax 
εemax εpmax εmax 
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Soil mechanical stress-strain behaviour is known to be visco-plastic, in that it is 
partly elastic or reversible in time if the load is removed, but mainly plastic or 
non-reversible (Hamza et al., 2005). Therefore, under repetitive stressing it 
could be expected that soil will undergo certain unrecoverable or plastic strain in 
addition to some recoverable or elastic deformation. The limits and relative 
proportions between the elastic and the plastic behaviours depend on the 
complex interaction of all the components comprising the NTP and also on the 
strain rate at which the soil is deformed, which is a function of the load 
magnitude and the rate-of-loading (Karmakar & Kushwaha, 2005).  
 
There is no unique way of defining dynamic stress-strain behaviour of soils 
(Schneider et al. 1999; Assimaki et al., 2000). In the present study, soil 
response under cyclic loading conditions was characterized in sufficient detail 
by a dynamic modulus associated with the energy dissipated in one cycle of 
deformation. This modulus defines soil stiffness and can be seen as a simple 
estimation of the dynamic elastic modulus. With reference to the hysteresis 
energy loop (Figure 4.4), a secant dynamic stiffness modulus (kd) can be 
calculated as the ratio between the maximum axial stress (σmax) and the 
maximum strain (εmax) in the cycle after a repeated axial cyclic stress of fixed 
magnitude. 
 
max
max
ε
σ=dk    (Equation 4.29) 
 
It is expected that after a number of cycles, the soil will reach a steady-state 
dynamic stiffness, where an increase in load will be required to compact the 
surface further. The steady-state stiffness will be defined as the maximum 
dynamic stiffness, kdmax.  
 
4.2.5. Experimental design 
 
Quasi-static testing 
 
In order to characterize the compressive and shear behaviour of different NTPs, 
under static and dynamic player inputs from running, the Sand and Clay Loam 
conditions previously presented in Chapter 3 were replicated in the soil 
laboratory and further investigated by means of compression testing. The soils 
were reconstituted in a cylindrical mould (Ø 70 x 140 mm) in 8-10 layers of 
equal depth depending on the initial target density and moisture content.  
 
In addition, some of the Sand samples were seeded with rye grass (Figure 4.5) 
and maintained following the same process described in Section 3.3.1 until a 
proper rooting system was developed. The excess of grass was cut off from the 
both sample ends to ensure good settlement. The removal of the sample from 
the mould was carried out directly onto the tri-axial platform to minimize sample 
handling. 
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Figure 4.5 A total of twelve Sand grass-rooted samples were prepared (left) and tested to 
assess the effect of grass rooting (right) on shear strength. 
 
The results obtained from the Proctor tests presented in Figure 3.13 were used 
to select the set of dry bulk densities (ρb) and gravimetric moisture contents (θm) 
that define the treatments presented in Table 4.1, which consider the effect of 
moisture, density and grass rooting in soil shear strength. The S2 treatment 
represents the maximum density attainable for the sand soil at an optimum 
moisture content (Table 3.3), whereas the C2 treatment represents a slightly 
lower density than the Proctor optimum (89%) because the mechanical effort 
required to achieve the proctor optimum could not be replicated without damage 
to the sample preparation equipment. S1 and C1 and S3 and C3 treatments 
represent very dry and very wet conditions, respectively. S4 and C4 treatments 
represent lower density conditions at the moisture at which the maximum 
density can be achieved.  
 
Table 4.2 Dry bulk densities (ρb) and gravimetric moisture contents (θm) for the quasi-static tri-
axial compression experiments performed. The S5 condition represents a grass-rooted 
treatment.  
  
Variable
S1 S2 S3 S4 S5 C1 C2 C3 C4
ρb (g cm
-3) 1.75 1.75 1.75 1.60 1.75 1.60 1.60 1.60 1.30
θm (%) 6.00 11.50 17.00 11.50 11.50 12.00 15.00 18.00 15.00
% Saturation 30 50 80 46 50 40 50 60 42
Grass - - - - √ - - - -
Sand Clay Loam
 
 
The compression tests were carried out using an electromechanical dynamic tri-
axial soil testing system (GDS DYNNTS 2Hz 10kN, GDS Instruments Ltd., 
Hampshire, UK). The experiment proceeded in two stages. For the quasi-static 
approach, first an isotropic compression was applied and then a deviator stress 
was applied at a constant axial strain rate of 1 mm / min up to 25 % of the 
sample length.  
 
For the S2 treatments, the following confining pressures were tested: 50, 100, 
200 and 300 kPa. Due to resources and time restrictions only 100 and 300 kPa 
were tested for the rest of the treatments. Un-confined tests (1 kPa) were 
carried for all the treatments. The approach was intended for the measurement 
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of total stresses in not completely saturated soil samples, where drainage was 
not permitted either during the application of the confining stress or during the 
application of the deviator stress. Each experiment was replicated three times.  
 
A pressure-volume controller regulated the confining pressure by increasing it at 
a constant rate of 5 kPa / min with a resolution of 1 mm3 of water exchanged. 
During the first test stage, the isotropic confining pressure applied, and the 
volumetric strain achieved (from the volume of water exchanged), were 
recorded. Deviator stress and axial displacement were recorded during the 
second stage of the tests. It was assumed that there was no shear failure until 
the applied stress exceeded the soil yield stress at the point of the maximum 
deviator stress (the peak stress, qmax). During shearing, a correction was made 
to the major principal stress in the sample to compensate for the membrane 
resistance to the applied loads, using the Equation 4.30 (Head, 1998): 
 
( )vo
oa
a D
Et
ε
εσ −=∆ 1
4    (Equation 4.30) 
 
Where, εa and εv are the axial and volumetric strain respectively, measured from 
the beginning of shear, to is the thickness of the membrane and Do is the initial 
diameter of the sample. 
 
Dynamic testing 
 
In order to investigate the effect of player repetitive loading on soil deformation, 
two different dynamic approaches were carried out.  Initially, following a similar 
sample preparation as described for the quasi-static approach, dynamic tri-axial 
compression was intended on the soil treatments S2 as per Table 4.3. First, an 
‘in situ’ field stress condition of 250 kPa was set. Then, testing was un-drained 
and load-controlled using a user-defined waveform (Figure 4.6) to simulate a 
repeated axial cyclic stress of 2 kN at the maximum peak rate-of-loading of 6.5 
kN s-1 up to 50 cycles.  
 
If the test is load controlled the equipment requires an estimate of the load 
stiffness. This is used to set the servo loop gain for load control. If the value 
chosen is too low, the system would start oscillating. The following trial and 
error procedure suggested by the equipment designer was followed to work out 
this estimated value. First, a static cyclic test using the same load and rate-of-
loading inputs was carried out. Using this data, an average stiffness value (x, 
say) was estimated. Afterwards, a dynamic cyclic test with only one or two 
cycles, using a stiffness of 5x was carried out. Then, the waveform of force 
against time was examined, if it was poor (not reaching targets or not sinusoidal 
in shape) then another dynamic cyclic test using a stiffness value of half of the 
previous value (making the system more responsive) was carried out and the 
waveform was checked again. The procedure was repeated until the waveform 
looked appropriate and the load amplitude targets were met for an estimated 
value of the soil initial stiffness of 1 kN mm-1. To ensure full contact between the 
 
         
76 
soil sample and the equipment, a minimum pre-load of 0.01 kN was maintained 
between cycles. 
 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 100 200 300 400 500 600 700 800 900 1000
Datapoint
Va
lu
e
 
Figure 4.6 User defined waveform to assess the effect of the rate-of-loading on soil stiffness 
under dynamic compression. The impulse wave was scaled up to 2 kN and run at 2 and 0.2 Hz 
to achieve 6.5 and 0.65 kN s-1, respectively. 
 
On a second dynamic compression approach the compression system was 
modified. The soils were confined in a quasi-rigid plastic tube (Ø 115 x 150 
length x 5 mm wall thickness) and then mounted between an electromechanical 
ram and a Ø 70 mm Perspex cap fitted to a 10 kN force transducer. 
 
The plastic container was made to have the biggest size to be safely fitted 
within the DYNNTS system chamber. This modified approach overcomes the 
handicap of the water pressure controllers to respond quickly enough to the 
dynamic load to maintain cell pressure. Moreover, it minimized border effects 
that could affect soil lateral deformation and removed sample dilation effects 
that can occur when using compressed water (as with the standard approach). 
Testing was un-drained and load-controlled using a user-defined waveform 
(Figure 4.6) to reproduce a repeated axial cyclic stress of 2 kN up to 30 cycles. 
To test the effect of the loading rate on stiffness, peak rate-of-loadings of 6.5 
and 0.65 kN s-1 were tested on S2 and C2 treatments. Moreover, to test the 
effect of moisture on stiffness for the material that was seen to be particularly 
sensitive to changes in moisture, the Clay Loam, an extra C1 treatment was 
tested as outlined in Table 4.4. All experiments were replicated three times. 
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Table 4.4 Sand and Clay Loam treatments used for dynamic testing. 
  
Variable
S2 S2 C2 C2 C1
ρb (g cm
-3) 1.75 1.75 1.60 1.60 1.60
θm (%) 11.50 11.50 15.00 15.00 12.00
% Saturation 50 50 50 50 40
dFz
max (BW s-1) 6.5 0.65 6.5 0.65 6.5
Clay loamSand
 
 
Radial pressure, water volume, axial force and axial displacement during 
loading were logged at 100 Hz and converted to stress and strain respectively. 
The quasi-static and dynamic stiffness moduli and Mohr-Coulomb parameters 
were calculated in MATLAB from the data recorded. Differences within and 
between different treatments were determined using ANOVA (p < 0.05). 
 
4.3. Results and discussion 
4.3.1. Quasi-static tri-axial compression 
 
Stiffness moduli 
 
The results from the ANOVA (p <0.05) performed on the stiffness moduli data 
derived from the tri-axial compression experiments carried out on the different 
Sand and Clay Loam treatments presented in Table 4.5 are presented in Table 
4.6 and Table 4.7, respectively. 
 
Table 4.6 Elastic moduli in (MN m-2) for the set of Sand states defined in Table 4-2. The 
subscript index represents confining pressure. S5 treatment represents a grass-rooted condition. 
ρb (g cm
-3)
θm (%)
E 25.70 ± 0.18 31.96 ± 0.11 14.59 ± 0.10 12.87 ± 0.10 6.51 ± 0.11
D100 158.77 ± 2.13 191.58 ± 2.24 121.17 ± 2.75 96.94 ± 2.27 57.47 ± 1.52
D300 298.56 ± 4.53 355.10 ± 4.08 231.73 ± 3.98 205.59 ± 3.82 201.50 ± 3.67
K100 19.20 ± 0.36 25.47 ± 0.25 14.03 ± 0.27 9.86 ± 0.38 5.02 ± 0.34
K300 19.90 ± 0.51 26.60 ± 0.41 14.56 ± 0.20 10.15 ± 0.44 5.10 ± 0.43
G100 16.49 ± 0.11 20.79 ± 0.11 9.72 ± 0.33 8.30 ± 0.32 4.17 ± 0.18
G300 16.40 ± 0.10 20.65 ± 0.10 9.68 ± 0.62 8.26 ± 0.35 4.19 ± 0.23
ν100 0.26 ± 0.01 0.29 ± 0.01 0.33 ± 0.01 0.28 ± 0.01 0.28 ± 0.01
ν300 0.27 ± 0.01 0.30 ± 0.01 0.33 ± 0.01 0.29 ± 0.01 0.28 ± 0.01
S5S1 S2 S3 S4
11.50 11.50
1.75 1.75 1.75 1.60 1.75
6.00 11.50 17.00
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Table 4.7 Elastic moduli in (MN m-2) for the set of Clay Loam states defined in Table 4-2. The 
subscript index represents confining pressure.  
 
ρb (g cm
-3)
θm (%)
E 6.01 ± 0.25 4.56 ± 0.18 2.95 ± 0.15 1.46 ± 0.17
D100 8.42 ± 0.36 6.31 ± 0.23 4.37 ± 0.21 2.15 ± 0.12
D300 9.74 ± 0.31 8.29 ± 0.24 6.93 ± 0.28 4.10 ± 0.19
K100 4.86 ± 0.15 4.87 ± 0.16 3.89 ± 0.12 1.45 ± 0.17
K300 5.03 ± 177.47 4.98 ± 0.20 4.19 ± 0.13 1.47 ± 0.16
G100 3.92 ± 0.10 3.02 ± 0.41 2.04 ± 0.22 1.00 ± 0.15
G300 3.89 ± 0.24 3.07 ± 0.11 2.03 ± 0.18 0.98 ± 0.35
ν100 0.29 ± 0.01 0.34 ± 0.01 0.37 ± 0.01 0.33 ± 0.01
ν300 0.30 ± 0.01 0.35 ± 0.01 0.38 ± 0.01 0.33 ± 0.01
C4
1.60 1.60 1.60
C1 C2 C3
1.30
18.00 15.0015.0012.00
 
 
The Young’s modulus (E), the bulk modulus (K) and the shear modulus (G) 
were found to increase with the applied confining pressure and mean normal 
stress for both soils. This was caused by the decrease in soil specific volume 
(Figure 4.7) and so the increase in dry bulk density that takes place as a result 
of the shrinkage caused by the increase in the isotropic confining pressure. 
Little variation was found for the Poisson’s ratio, which remained relatively 
unchanged. Some hysteresis (or energy loss) occurred during the process. It 
was noticed that a compressed sample, once the confining stress was released, 
did not totally recover its original size. This revealed that sample was subjected 
to elastic but also plastic deformation during the isotropic process. An initial 
elastic response takes places, then air pores are compressed and partially 
removed (into solution) and the material is compacted. 
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Figure 4.7 Isotropic compression lines for the S2 treatment. The soil compresses and becomes 
more dense, and therefore stiffer, so that the specific-volume / stress line is curved and getting 
less steep. 
 
Different patterns were found between soils when assessing the effect of 
moisture in the stiffness moduli, keeping a constant initial dry bulk density. For 
the Sand treatments, the moduli initially increased significantly with the increase 
of moisture (S1 < S2) to finally decrease at greater moisture contents (S3 < S1 
< S2). Following the discussion presented in Section 3.4.1, increasing water 
content increases the water tension between the pores of the soil due to 
adhesive (solid-water) and cohesive (water-water) forces holding the particles 
together and so increases soil strength, up to a point where too much water will 
bring particles apart and so decreasing soil strength again. For the Clay Loam, 
the moduli decreased significantly with moisture in a progressive way (C3 < C2 
< C1), because the bonds that hold the particles together are weakened as 
more water is absorbed between adjacent clay minerals. 
 
For both soils, at a constant moisture content, the stiffness moduli decreased 
significantly with a decrease in the initial dry bulk density (S4 < S2 and C4 < C2) 
as a result of less friction developed between adjacent particles. Poisson’s ratio 
increased with initial dry bulk density and moisture content because the material 
is less compressible and allows axial stress to be more easily transmitted 
transversally. In general and for the treatments tested, the stiffness of the Sand 
was greater than the Clay Loam which is in good agreement with other data in 
the literature (Kulhawy and Mayne, 1990) and also reinforces the idea that was 
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suggested in Chapter 3 that the intrinsic stiffness of the Sand is greater than 
Clay Loam condition.  
 
Significantly lower stiffness moduli were measured for the grass-rooted 
treatment (S5) compared to the bare soil (S2). If a material with high strength in 
tension, such as grass roots, is placed in soil, then the reinforced composite 
material could be expected to resist bending and other tensile actions created 
by players, such as a reduction in horizontal strain (Shipton, 2008). In this 
sense, grass roots system can be seen as a moment resisting reinforcement for 
soil. However, the inclusion of these relatively elastic elements (grass roots) can 
be expected to cause a reduction in the vertical composite stiffness (Zheng-Yi 
and Sutter, 2000). As typically found for fibre-reinforced plastic, the load in 
compression can make the fibres become loose gradually as the soil is 
compressed, especially at low confining pressures. The heterogeneity 
discovered in the root system developed (Figure 4.5) and the impossibility to 
achieve a smooth surface free of grass that could motivate an early failure 
during compression testing due to an inappropriate setting of the sample on the 
tri-axial platform could also contribute to the lower stiffness found out for the 
rooted samples. Due to these uncertainties and that it represents a very time-
consuming process the approach of testing grass-roots samples was not 
performed on any Clay Loam treatment. 
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Mohr-Coulomb models 
 
The results from the ANOVA (p <0.05) performed on the deviator stress data 
obtained from tri-axial compression testing and the subsequent Mohr-Coulomb 
parameters worked out for the different Sand and Clay Loam treatments tested 
are presented in Table 4.8 and Table 4.9, respectively. 
 
Table 4.8 Mohr-Coulomb parameters in (kN m-2) for the set of treatments defined in Table 4-2. 
ρb (g cm
-3)
θm (%)
q1max 63.24 ± 3.82 72.79 ± 3.51 57.64 ± 4.13 22.56 ± 3.04 69.62 ± 6.65
q100max 262.04 ± 16.01 283.84 ± 14.81 221.74 ± 16.36 173.40 ± 13.27 272.85 ± 12.95
q300max 658.51 ± 28.73 687.87 ± 29.53 615.16 ± 28.15 503.85 ± 26.60 680.55 ± 26.26
c 17.92 ± 0.92 21.12 ± 0.76 13.15 ± 0.68 5.34 ± 0.89 21.87 ± 1.62
φ (º) 27.91 ± 0.29 31.81 ± 0.24 3.79 ± 0.33 26.54 ± 0.27 29.35 ± 0.18
1.75
11.506.00 11.50 17.00 11.50
1.75 1.75 1.75 1.60
S4 S5S1 S2 S3
 
 
Table 4.9 Mohr-Coulomb parameters in (kN m-2) for the set of treatments defined in Table 4-2.  
ρb (g cm
-3)
θm (%)
q1
max 100.86 ± 6.27 77.96 ± 1.69 53.60 ± 3.64 24.85 ± 1.63
q100
max 176.89 ± 17.44 155.54 ± 13.45 84.43 ± 13.07 60.83 ± 12.91
q300max 443.38 ± 28.43 226.34 ± 29.06 107.22 ± 24.52 114.38 ± 23.19
c 39.79 ± 1.02 35.71 ± 1.04 26.43 ± 1.51 11.64 ± 0.11
φ (º) 17.54 ± 0.34 11.53 ± 0.32 4.92 ± 0.40 7.45 ± 0.23
1.30
12.00 15.00 18.00 15.00
1.60 1.60 1.60
C2 C3C1 C4
 
 
The experiments showed that regardless of the soil, the deviator stress (q) at 
first increases quickly while the strain increases slowly, but as the soil yields the 
strain increases dramatically while the stress difference levels off and then 
begins to fall (Figure 4.8). It was observed that changes in the applied mean 
normal stress have a remarkable effect on the strength of soils, resulting in 
greater peak stresses (qmax) with increased confining stress. Moreover, 
materials with higher confinement were stiffer at smaller values of strain, and as 
the confining stress was increased, the curvature of the deviator stress 
decreased and its maximum strength (qmax) occurred, on average, at a greater 
level of axial deformation. This is because as the surrounding stress is 
increased the material gets more compressed, increasing the contact area and 
the friction between the particles within the sample leading to a greater final 
macroscopic soil strength. 
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Figure 4.8 Typical quasi-static axial stress-strain behaviour of S2 treatment after tri-axial shear 
failure at five different confining pressures. Plastic yield points (qmax) marked in red. 
 
A different trend was found between the two soils when assessing the effect of 
moisture on the peak stress and Mohr-Coulomb parameters. For the Sand, 
peak stress initially increased significantly with the increase of moisture (S1 < 
S2) until finally decreasing (S3 < S1 < S2) when water lubricates in excess and 
separates the adjacent particles. For the Clay Loam no initial increase was 
found instead a steady decrease in the strength parameters was measured with 
increasing moisture content (C3 < C2 < C1).  
 
A decrease in the initial dry bulk density caused lower strength parameters (S4 
< S2 and C4 < C2) as a result of less internal frictional resistance developed 
between adjacent grains.  This is clear evidence that shear strength is strongly 
dependent on dry bulk density and moisture content, especially for the Clay 
Loam treatments where the difference in angle of friction was more acute.  
 
Greater axial deformations at the time of peak stress were measured for the 
grass-rooted samples (S5) compared to the bare soil treatment at a constant 
moisture and initial dry bulk density (S2). This may suggest that the integrity of 
the system is maintained for longer when a root reinforcing system is present. 
However, significantly lower values of c and φ were measured for the grass-
rooted treatment which, again, is suggested to be due to method limitations 
explained in the previous section rather than a real trend. The literature has 
shown that a well root-permeated soil will cause an increase in shear strength 
(Jennings-Temple, 2005). 
 
Samples were observed to fail in either a compressive or brittle manner (Figure 
4.9) which was related to two different soil behaviours: strain hardening or 
softening. Compressive failure was considered to have occurred when the 
deviator stress remained constant at the maximum value and brittle failure when 
the curve showed a decline from the maximum. Strain hardening was the 
general rule observed along the experiments and was especially noticeable at 
low confining stresses (1 kPa) and low initial dry bulk density (S4 and C4). The 
disturbance during shearing causes the grains to move closer together, 
especially with loosely packed grains (low densities and confining pressures), 
implying an increase in soil density during the deformation process and failure 
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60º 
occurrence along an infinite number of planes (Godwin and Spoor, 1977). Strain 
softening was observed for some of the treatments submitted to higher 
confining pressures (300 kPa). In this case, the disturbance during shearing 
forced highly packed particles in one layer to climb over the particles in the 
underlying layer, distorting the boundary of the soil sample and causing dilation. 
As a consequence, brittle failure occurs along a few well defined failure planes, 
the rest of the soil tends to move as solid blocks. A transition from compressive 
to brittle failure as the cell pressure was increased can therefore be suggested 
from the discussion above. 
 
  
Figure 4.9 Compressive (left) and brittle (right) failure  
following quasi-static tri-axial compression testing. 
 
As an illustrative example, the average Mohr-Coulomb strength linear model for 
the S2 treatment is presented next following Equation 4.17. 
  
12.2162.0 += στ   (Equation 4.31) 
 
Where the cohesion is 21.12 kPa and the angle of internal friction is 31.81˚ as 
shown in Table 4.8. The failure criterion allows predicting the maximum axial 
stress that can be applied before the material fails in shear. This can be 
described as a particular limiting condition of the ratio between shear and 
normal stress: 
 
°≤− 31.81 tan12.21σ
τ  (Equation 4.32) 
 
Where τ is the un-drained total shear strength, that is, the is the maximum 
stress that can be applied tangentially on a plane within a soil before sliding 
occurs on that plane at angle of approximately 60º (Figure 4.9) as per Equation 
4.18; σ is the stress normal to the shear plane; and tan φ is the slope of the 
corresponding Mohr-Coulomb failure strength envelope (Figure 4.10). Points 
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below the envelope represent stress ratios possible prior to yielding, whereas 
points on the envelope represent the stress ratio at yielding. Real points above 
the envelope cannot exist. 
 
 
Figure 4.10 Mean Mohr-Coulomb stress failure envelope for peak stress (qmax) obtained 
for S2 treatment. The red line represents the best straight line through the plot points. 
 
The main disadvantage of the Coulomb’s equation is that it ignores volume 
changes. Loading of an unsaturated soil does induce changes in its volume that 
will make soil denser, moving the particles closer together and increasing the 
friction and interlocking between them and therefore making the soil stiffer, 
which will modify the final shear strength. However, the major limitation in 
relation to this Mohr-Coulomb modelling approach in this study is that the model 
makes no statement about rate of strain. The quasi-static approach, although 
very time consuming, was found to be useful for comparing basic mechanical 
properties for different soil treatments. It was hypothesized that soil mechanical 
properties will change if the strain rate is increased from a typical quasi-static 
compression test run at 5 x 10-4 kN s-1 to a typical sport movement performed at 
70-80 kN s-1. Therefore, an alternative methodology to the Mohr-Coulomb 
strength models for predicting the stress-strain dynamic behaviour of soils is 
necessary. 
4.3.2. Dynamic tri-axial compression 
 
When a cyclic loading was imposed during standard tri-axial compression 
(using pressurized water), a confining pressure drop of around 40 kPa occurred 
in the chamber at the start of the loading process (Figure 4.11). As a 
consequence, it took a large number of cycles for the system to reach the initial 
confining pressure target (250 kPa). 
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Figure 4.11 Cell pressure drops at the beginning of the axial compression stage. The control 
system does not meet the 2kN target for the first few cycle. The cell pressure dropped around 
40 kPa and the variation in maximum axial stress was around 75 %. 
 
It is believed that the pressure drop was caused by the great change in soil 
stiffness when the first load was applied. Soil stiffness changes every cycle as 
the sample gets more and more compacted, but the magnitude of change is 
particularly significant during the first cycles when the soil can undergo more 
compaction. The DYNNTS is provided with a balanced ram that compensates 
for the volumetric displacement of the thrust piston into or out of the water cell. 
The control system could not react by pumping water quickly enough into the tri-
axial cell to counteract sample compaction and so pressure dropped. This drop 
caused a decrease in soil stiffness, the more compacted the sample gets, the 
less water is needed to be pumped into the system to counteract the decrease 
in cell pressure created by that compaction and the process becomes a vicious 
cycle until suddenly a break-even point is reached, where the stiffness change 
is small enough to be compensated by the apparatus. 
 
A control software limitation was found when trying to select a delay time 
between cycles. The current control system does not allow the user to do that, 
which means that running at 2 Hz, the load is applied over less than 0.1 s and 
the only delay between cycles is about 0.40 s, which raises the question of 
whether or not that is enough time for the soil to recover fully from the previous 
loading. Another difficulty was found in that the un-saturated samples were 
initially less stiff than the minimum stiffness estimated value that could be 
selected at the frequency tested (1 kN mm-1). Despite the fact that parameter is 
frequency dependent, it was simply input into the control system as a constant 
value which was not accurate enough to properly control the process.  
 
It is acknowledged that the current equipment has been used to do tests for 
which it was not originally designed. The DYNNTS system may be satisfactory 
when dealing with saturated soils, where the change in stiffness will be a lot 
smaller, but it was not when dealing with un-saturated soils and the load range 
10 20 30 40 50 
Number of cycles
 
         
86 
required for this study. As a consequence, not only did this change the cell 
pressure but also the shape of the load waveform and the load target were 
massively altered (Figure 4.11). The load applied within the first few cycles was 
around 75 % smaller than for the following cycles at the target stress level. For 
the cycles that the target stress is not reached the energy accumulated in the 
soil will be also proportionally less than for the rest of the cycles. Soil 
deformation was required to be produced within fixed stress boundary 
conditions that ensured a constant level of impact energy and so a proper 
reproduction of a running movement. 
 
It was also difficult to select the correct value for the confining pressure to be 
used. This value was calculated based on calculations for saturated foundations 
and will probably differ from an in-situ measurement on an NTP. It is thought 
that the selected value overestimates the lateral in-situ pressure. Lower 
confining pressures were unsuccessfully tested, because the change in soil 
stiffness was greater and the dynamic maximum amplitude limit of the 
equipment was exceeded. The amplitude and frequency are interdependent. If 
one is increased, the other one is decreased and vice versa. Under dynamic 
loading, as frequency increases, more and more torque is required to 
accelerate and decelerate the drive system. This means that less torque is 
available for axial force and so axial force capacity reduces. When dealing with 
frequencies of about 1-2 Hz, as is the case here, the performance of the system 
is limited by the maximum velocity or speed of the motor. The maximum 
amplitude is inversely proportional to frequency and is, according to the tri-axial 
device supplier about 5 mm at 2 Hz.  This amplitude limitation can be added on 
to the above explanation of why the load targets could not be met. If for the first 
cycles, where the soil is found at its weakest condition, the velocity needed to 
achieve the load is not sufficient and the system needs to deform the sample 
more than the maximum amplitude limit allowed, then the load targets will not 
be reached. The motor in the DYNNTS system was found to be insufficiently 
powerful to be able to achieve the speeds required. 
 
However, even if the right rate of loading could be achieved, the water used to 
confine the sample in the tri-axial method would not be able to transmit the 
shear stresses that the surrounding soil would do in the field under dynamic 
loading.  This would make a running simulation difficult to justify via standard tri-
axial compression testing. Moreover, the fact that the soil is isotropically 
pressurized implies that a positive pore pressure is developed in the sample, 
which is not usually the case in the field near the surface, where water is 
retained under a negative pore pressure. It is also unknown how the membrane 
will affect the measurement of dynamic properties, and no correction was found 
in the literature for dynamic testing.  With consideration of all the above 
limitations, it was concluded that the standard method generates a lot of 
unknowns that reduce confidence in the robustness of dynamic, high loading 
rate, tri-axial compression testing for assessing NTPs in this project. 
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4.3.3. Dynamic uni-axial compression 
 
Figure 4.12 illustrates the non-linear visco-plastic stress-strain behaviour 
typically exhibited by the soil treatments tested using the modified uni-axial 
method described in Section 4.2.5. After a cycle, the system absorbed the 
energy represented by the area enclosed by the loading and unloading curves 
in the cycle (Figure 4.12) and accumulated a certain amount of permanent 
strain. After the loading, however, there was also a certain elastic strain 
accumulated, that was recovered in the unloading but only to a limited extent.  
 
For the initial cycles, plastic behaviour dominates as the soil is compacted. 
Subsequently over cycles more strain is recovered and less plastic strain is 
accumulated, therefore the response becomes more elastic. As the soil gets 
more and more compacted, its microstructure changes, particles get closer 
together increasing their frictional contacts resulting in a macroscopic increase 
in stiffness. Reversible elastic strain in soils is associated with minimal 
rearrangement of particle contacts and is relatively limited when dealing with 
traditional strain rates (as was presented in Section 4.3.1).  However elastic 
strain becomes more significant at high strain rate levels. Regardless of the 
treatment, after about 30 cycles it was assumed that no real further compaction 
took place and that a nearly elastic response was obtained. 
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Figure 4.12 Non-linear visco-plastic stress-strain soil behaviour: cyclical stress loops (upper). 
The S2 treatment was loaded up to 2 kN at 6.5 kN s-1 for 50 cycles. The variation in maximum 
axial stress remained below 10%. The deformation energy balance (lower) shows that 
reversible elastic behaviour became more significant at high strain levels and, plastic 
deformation decreased over cycles. The recovery process takes time causing a viscous 
behaviour. 
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σa 
 
This modified approach overcame some of the main problems found with the 
standard tri-axial approach: a target level of stress around 500 kPa was 
maintained consistently over the 30 cycles. The load applied within the first few 
cycles was only around 10 % smaller than for the following cycles. Again, it is 
believed that this variation was due to the changing stiffness of the soil as it was 
loaded repeatedly. It was considered that the stress applied exceeded the 
strength of the material and therefore shear failure should have occurred 
producing irrecoverable plastic strains as shown in Figure 4.12. Soil 
displacement was accompanied over cycles by lifting of the ground surface 
adjacent to the footing which made it difficult to work with a large number of 
cycles. Traditionally, when a pile is driven into a homogeneous soil mass, the 
supporting ground is expected to fail in shear during loading along a log-spiral 
(Whitlow, 2001). If this theory may be applicable to the present case, a shear 
failure taking place with slip surfaces extending on a log-spiral from the side 
edges of the footing downward through the soil and then upward to the ground 
surface (Figure 4.13) could be suggested as the failure mechanism. 
 
 
 
   
 
 
 
 
 
 
Figure 4.13 In the modified dynamic compression approach (upper) soils were confined in a 
quasi-rigid plastic tube, mounted between an electromechanical ram beneath and a plastic cap 
fitted to a force transducer and subjected to a cyclic dynamic normal stress (σa). Suggested log-
spiral failure mechanism sketch (lower). 
 
The steady-state dynamic stiffnesses, kdmax achieved are detailed in Table 4.10. 
Dynamic stiffness was greater at the greater rates of loading for all the 
treatments (p < 0.05). Moreover, overall dynamic stiffness was significantly 
greater for the Sand soil than for the Clay Loam soil (p < 0.001). The Clay Loam 
treatment with lower moisture content also significantly increased the stiffness 
with respect to the dry clay soil (p < 0.001). This is due to increased friction 
within the drier clay soil as moisture content decreases, as discussed for the 
quasi-static testing in previous sections.  
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The faster the soil is deformed, the less it will be compressed because the time 
for the normal deformation mechanisms to occur reduces – this confirms the 
hypothesis stated above. The results highlight the importance of the elastic-
plastic behaviour of soils (or the soil-turf matrix) and the difference in dynamic 
mechanical behaviour between soil types. Soil yield intensity has been cited to 
be related to the strain rate; soil volume change decreases and soil strength 
increases with increasing strain rates (Vucetic and Dobry, 1991; Horn, 2004). 
Traditional quasi-static soil testing such as tri-axial compression testing, 
involves very low strain rates that allow enough time for the soil to deform 
through irreversible fracture mechanisms that imply large amounts of plastic 
deformation (Fredlund et al., 1997). However, as the stress is applied more 
quickly to the soil, the time to deform reduces and the overall soil strength 
increases as a result. 
 
Table 4.10 Mean steady-state dynamic stiffness kdmax and standard error for the soil treatments 
tested. All means separated by the LSD (0.05) 
Treatment ρb (g cm3) θm (%) dFzmax (kN s-1)
S2 1.75 11.5 0.65 58.1 ± 0.9
S2 1.75 11.5 6.5 84.4 ± 0.9
C2 1.6 15 0.65 25.3 ± 0.2
C2 1.6 15 6.5 33.5 ± 0.2
C1 1.6 12 6.5 50.5 ± 0.2
kdmax (MN m-2)
 
  
 
Figure 4.14 Change in mean dynamic stiffness with increasing cyclic loading. The effect of 
loading rate and soil type on stiffness is evident.  
 
4.4. Soil Mechanical study summary and evaluation 
 
A quasi-static tri-axial compression approach was performed on several 
different treatments using the Sand and Clay Loam materials used for the 
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biomechanical study described in Chapter 3. This enabled evaluation of the 
effect of moisture, density and grass rooting on the elastic moduli and the shear 
strength of the materials. In general, the values of the mechanical parameters of 
both soils increased with increasing the bulk density. The Sand material 
presented more elastic behaviour than the Clay Loam material for the range of 
density and moisture content conditions tested. The Clay Loam presented a 
more acute change in mechanical properties with moisture content. Quasi-static 
stiffness of the Sand soil followed a negative-quadratic model shape behaviour 
with moisture, presenting the maximum stiffness at an optimum moisture 
content. The Mohr-Coulomb strength analysis revealed greater frictional and 
cohesive components for the Sand and Clay Loam material, respectively as 
would be hypothesised for these soil types.   The effect of grass rooting was not 
clearly determined due to approach limitations and alternative methods to tri-
axial compression such as the use of a penetrometer are suggested for further 
research (Jennings-Temple, 2005). 
 
A modified uni-axial dynamic compression approach was found to provide more 
reliable results than standard dynamic tri-axial compression. Thus, it allowed 
evaluation of the dynamic stiffness evolution of the soil materials involved in the 
project as a function of the rate-of-loading. Sands were found to be stiffer than 
clay soils in this study (again, subject to the range of conditions tested). This 
has direct performance implications in elite winter sporting surfaces which are 
increasingly sand based. It also explains the difference found in biomechanical 
loading. It was discovered in Chapter 3 that loading rate of a soil by a player 
running in the biomechanics laboratory was significantly greater on the Sand 
soil than the Clay Loam soil.  
 
At the time of this study, it was not possible to locate equipment in the UK to 
perform at the 20 Hz frequencies required to carry out such tests. The trend of 
increased dynamic stiffness as loading rate was increased from 1/100 to 1/10 of 
the loading rate determined in the running experiments confirmed the 
hypothesis that the stiffness of the Sand soil was significantly greater than the 
Clay Loam soil, however. The closer the loads used to test mechanical 
properties of the surfaces in the lab are to those performed by the player, the 
better the understanding will be on how an NTP will behave in response to 
player action. It is therefore, recommended that further research characterizes 
soil dynamic behaviour at the closest possible stress-strain rates that they will 
be subjected to in real sport. 
 
The data presented are of direct significance in the understanding of human-
surface interactions. Historically, studies of NTPs have been concerned with the 
plastic deformation of soils, using parameters such as ‘wear and tear’. In order 
to understand the impact loads on the body and surface, however, it is essential 
to study and model dynamic behaviour. It is this that reveals the elastic stiffness 
of a surface when loading within the range of those loads applied by humans in 
sport. The plastic component of soils, or the soil-turf matrix, increases the 
contact time between the human and the surface (or the ball and the surface), 
reducing the peak impact loads on the body (or moderating ball rebound 
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behaviour). The elastic component is essential for energy return to the player 
(or ball) and for resilience or recovery of the grass-soil matrix material and it is 
proposed to test the grass-soil matrix as it is presented in the real sport field. A 
high sand content surface, unlike a high clay content surface, will present a 
higher intrinsic stiffness that will imply an increased elastic behaviour and that 
will benefit sport performance. In turn, a reduced plastic deformation could imply 
greater peak load being transferred to the players and so it may imply a greater 
risk of injury for them. Therefore, the present study furthers the understanding 
of how visco-plastic soil behaviour affects the player-surface interaction in sport.  
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5. RELATIONSHIP BETWEEN THE BIOMECHANICAL 
AND SOIL MECHANICAL STUDY AND RESEARCH 
SYNTHESIS 
 
5.1. Introduction  
 
The analysis carried out so far demonstrates that the interaction between player 
and a natural turf surface is complex. The human body responds to changes in 
surface condition by changing its way of running. The surface, in turn, deforms 
under load from the player but as the surface deforms and its mechanical 
properties change, there is a change in the applied stress from the player. The 
present chapter links the player biomechanical behaviour observed in Chapter 3 
with the surface mechanical behaviour discovered in Chapter 4 into a 
conceptual model (Objective 4). The whole project approach is evaluated and 
some recommendations for future research proposed together with a summary 
of the publications derived from the present study. 
 
5.2. Conceptual model 
 
On the one hand, highly impact cushioning or low stiffness surfaces will yield to 
the player, reducing physiological stress but increasing the energy consumption 
of the player and so fatigue due to a greater compressibility of the surface. At 
the same time, compliant or low stiffness surfaces will present a higher risk of 
compaction and unevenness, creating an undesirable low oxygen condition for 
the grass plant and increasing surface wear. A stiff surface, in turn, may 
increase physiological stress to the human but will result in more efficient 
energy balance due to a limited surface deformation. At the same time, greater 
stiffness implies less surface compaction and so a more homogenous and even 
surface.  
 
On the other hand, low surface shear strength will cause player instability due to 
the lack of traction, with the consequent risk of injury for the player. A low 
strength surface will be more susceptible to wear and degradation. Excessive 
shear strength will imply little deformation of the surface and will cause too 
much traction with the subsequent higher risk of injury for the player. 
 
An optimum state should exist in between such surface stiffness and shear 
strength extreme conditions where injury risk and surface wear would be kept at 
a minimum level while allowing for a reasonable level of sport performance. 
This is conceptualized in Figure 5.1. 
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Figure 5.1 Conceptual model diagram. Stiffness and shear strength are the mechanical 
properties that determine the surface impact cushioning and traction, respectively. Player stress 
it is the stress on the player as a consequence of interaction with the surface. Generally, a 
decrease in moisture content would cause and increase in surface stiffness and shear strength, 
although as the percentage of sand is increased, there is minimum amount of water below 
which those properties decrease.  
 
Kinetic biomechanics evidence was found to support the hypothesis that it is the 
surface that controls player rate of loading when running. The peak vertical rate-
of-loading (dFzmax) and the peak pressure rate-of-loading (dPmax) increase as 
the stiffness of the surface increases, as a result of a reduction in surface 
deformation. Subgroup A player, dFzmax increased from 125.05 ± 6.49 to 153.17 
± 7.17 BW s-1 and dPmax increased from 0.61 ± 0.06 to 0.78 ± 0.06 BW mm-2 s-1 
when changing from a clay-based to a sand-based surface condition. This rate 
increment allows for the energy to be transmitted more quickly from the player 
to the surface and then back to player again. 
 
Soil mechanics evidence was found to support the hypothesis that the level of 
compaction and the stiffness of the surface are controlled by player-applied 
stress. Surface stiffness increases as the surface is compacted from player-
applied loads. The Clegg Hammer showed that the stiffness of the surface was 
greater in general for a compacted surface after player testing and that the 
magnitude of the difference in stiffness depends on the surface type. Hardness 
increased from 58.56 ± 2.93 to 63.12 ± 2.73 G and from 60.64 ± 3.58 to 71.21 ± 
4.98 G for the sand-based and clay-based pitches, respectively. The steady-
state dynamic stiffnesses (kdmax) increases non-linearly with the number of 
player impacts and the loading rate of the surface, again differently depending 
on the surface type: kdmax increased from 58.1 ± 0.9 to 84.4 ± 0.9 MN m-2 and 
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from 25.3 ± 0.2 to 33.5 ± 0.2 MN m-2 for the sand-based and clay-based pitches, 
respectively, when the loading rate was increased from 0.65 to 6.5 kN s-1. The 
increase in dynamic stiffness with loading rate is because the faster the soil is 
loaded the less it is deformed as the time for the deformation to occur reduces. 
For running, the amount of time that the surface is allowed for deformation is 
about a quarter of a second. In such a small lapse the capacity for internal 
particles rearrangement within the soil becomes limited as the usual soil 
deformation mechanisms require longer times to take place. The greatest the 
loading rate, the lowest the time for surface deformation and the more restricted 
the movement within the soil which makes soil skeleton to become stronger, 
increasing surface stiffness. 
 
The set of soil dynamic compression energy loops presented in Figure 4.12 
show that for a constant amount of player energy, the energy dissipated by the 
surface in plastic deformation is reduced as the soil is compacted. As the 
surface compacts it becomes stiffer and starts behaving more elastically, 
returning more energy to the player. For surfaces of the type tested in this study 
(primarily for soccer) a sand-based surface, unlike a clay-based surface will 
present a higher intrinsic stiffness that will imply an increased elastic behaviour 
and that will benefit sport performance. The elastic-plastic mechanical 
behaviour of NTPs depends on the raw soil material that they are constructed 
from but also on the turf plant and moisture content at which the surface is 
maintained. The plastic component of soils, or the soil-turf matrix, represent a 
necessary loss of energy that increases the contact time between the human 
and the surface (or the ball and the surface), reducing the peak impact loads on 
the body (or moderating ball rebound behaviour). The elastic component is 
essential for energy return to the player (or ball) and for resilience or recovery of 
the grass-soil matrix material. This has direct performance implications in elite 
sporting surfaces which are increasingly sand based. 
 
The elastic and plastic hybrid behaviour of NTPs demonstrated in this project 
links to what Kolitus (2003) stated – that performance aspects of sports are 
always compromised by safety aspects of the player (and grass plant). 
Performance can be increased if the loss of energy is minimized and the energy 
return is maximized and returned at the right location, at the right time and with 
the right frequency (McMahon and Greene, 1984; Stefanyshyn, 2001). The 
present study highlights that it is as important to increase the elastic component 
of the surface, to increase energy return and reduce energy losses as it is to 
ensure some plastic deformation.  Player physiological stress is related to the 
amount of plastic deformation experienced by the surface and so this could be 
seen as a necessary energy loss to increase safety. 
 
The findings from the present project support the differences in player comfort 
levels observed by other researchers such as Nigg et al. (1988a) when 
investigating the deformation of different surfaces. They observed that stiffer (or 
less deformable) surfaces were the least comfortable, although the most stable 
to perform the sport movements, compared to more deformable surfaces. Stiffer 
surfaces were associated with larger forces acting on the body which were 
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suggested by Fiolkowski and Baur (1997) as a possible cause of overloading 
injuries. Compressible surfaces increase player energy cost (Lejeune et al., 
1998) which may cause of fatigue injury (Millet et al., 2006). 
 
The soil stiffness relationship discovered also explains the biomechanical 
findings that showed a greater player loading rate for a sand-based pitch 
compared to a clay-based pitch. In turn, a reduced plastic deformation could 
imply greater peak load being transferred to the players and so it may imply a 
greater risk of injury for them. For example, if a collision between player head 
and surface is considered, the stiffness or compressibility of the surface 
determines the shock attenuation which is a decisive factor when investigating 
the risk of potential brain injury (Shorten & Himmelsbach, 2002). As an NTP is 
loaded, it becomes stiffer (less compressible) and so more likely to produce 
higher impact accelerations (gmax) to absorb the energy involved in a head fall, 
which may increase head injury risk.  
 
The conceptual model proposed is supported by the biomechanical and 
mechanical findings of the present research, which are also consistent with 
existing literature. Therefore, the present study furthers the understanding of 
how visco-plastic soil behaviour affects the player-surface interaction in sport.  
 
Some authors have suggested several kinematic adaptations with the change in 
surface cushioning properties of for example, STPs (Dixon & Stiles, 2000; Ferris 
et al. 1998; 1999; Kerdok et al., 2002). However, in the present study there was 
no kinematic evidence that different players modified their running behaviour 
based on the surface they performed on. Therefore the present model 
described does not present any changes in player stiffness depending on 
surface. This suggests that either players prefer to maintain similar leg 
geometries and stiffness when running on a variety of NTPs which would leave 
the differences in loading rates found unexplained, or alternatively that the 
mechanical properties of the NTPs selected for the research may not have been 
sufficiently different to elicit changes in player response during running despite 
the difference in magnitude of dynamic stiffness determined.  
 
Young's modulus for sand-based pitches was found to be between 6 and 32  
MN m-2, whereas for clay-based pitches was between 1 and 6 MN m-2 which are 
values of the same order of magnitude as styrene butadiene rubber (SBR) 
materials typically used to construct polymeric running tracks but still well bellow 
concrete stiffness under compression (40 x 103 MN m-2). This shows that the 
magnitude of the difference between the conditions tested for this present study 
was much smaller compared to the difference between running on a polymeric 
track or on concrete. This lack of difference in the surface mechanical 
properties is hypothesise that is suggested to be behind the lack of kinematic 
adaptations evidence found in this study. 
 
The conceptual model described above presents dry bulk density and moisture 
content as important parameters affecting surface stiffness and shear strength 
depending on surface type. An increase in initial dry bulk density increases the 
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initial stiffness and shear strength of the surface as a result of more internal 
frictional resistance developed between adjacent grains within soil due to 
greater surface area contact. Moreover, pressure is distributed within an 
unsaturated soil through the particle-particle contact. A greater dry bulk density 
implies a lower void ratio (i.e. a larger volume of solids to voids) and will 
distribute pressure to a greater extent (both down a soil profile and laterally 
across the soil profile) because of the close arrangement of particles. This way, 
player energy will be transferred to a larger soil mass that will be more likely to 
resist against player loading and so increasing surface stiffness and shear 
strength.  
 
Traction increases in the same way that cushioning decreases as a surface is 
compacted, up to a point where the surface becomes too hard to be penetrated 
by boot studs and so the traction actually decreases. Such properties are more 
sensitive to changes in moisture in clay-based surfaces due to an intrinsically 
predominant cohesive behaviour. Stiffness and shear strength of clay 
decreases with increasing moisture content because the internal bonds that 
hold the particles together in structural units are weakened as more water is 
absorbed. This water penetrates between adjacent clay minerals hydrating 
cations and allowing them to swell (and subsequently shrink on drying). Sand-
based surfaces, in turn, present an intrinsic greater frictional behaviour where 
stiffness and shear strength follow a negative-quadratic form of behaviour, with 
moisture presenting a maximum stiffness at an optimum moisture content due 
to increased cohesion at that optimum moisture content. For increasing sand 
content (or strictly, decreasing clay content) there is a decrease in sensitivity to 
moisture content. 
 
5.3. Contribution to knowledge  
 
As set out in Chapter 1, this PhD project forms a component part of an EPSRC 
funded project between Cranfield University and the University of Exeter (grant 
ref EP/C512243/1) and represents the foundation research for future work on 
the assessment of human-natural turf pitch interaction.  
 
This research project represents a pioneer study of human biomechanical 
behaviour simultaneously with surface mechanical behaviour via a novel 
integrated approach. This was a two stage methodology: firstly, laboratory-
based biomechanical testing to assess the stresses of human players 
performing typical sports movements on a variety of NTPs; and secondly, 
laboratory-based dynamic compression testing of surface materials to 
determine surface elastic-plastic behaviour in response to those stresses 
applied by players. Such an integrated approach is a development towards a 
more accurate, and complete, human-natural surface behaviour model. 
 
The practical significance of this finding for future research is important as it 
increases awareness of how biomechanical parameters of human movement 
may also respond to changes in mechanical properties of a natural turf surface 
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when they are modified to alter wear and degradation characteristics. Despite 
the fact that within the range of soil properties tested there was no modification 
of movement, it has been suggested that such alterations can affect not only 
sports performance but also potentially injury risk (Stover, 2003). The research 
project sets a precedent assessing the behaviour of a variety of NTPs, showing 
that the difference in soil type must be understood when dealing with NTPs. The 
research shows that it is not sufficient or appropriate to amalgamate all NTPs in 
studies of injury or biomechanics and separation by soil type and moisture 
content must be considered.  
 
The project has a wide-ranging impact upon the disciplines of sports surface 
engineering, biomechanics and sports equipment research. This impact applies 
to end-users ranging from sports engineers, surface managers and players. In 
addition, the present study provides a background that will assist future studies 
to assess important aspects of human-natural turf interaction. The increased 
understanding of how humans interact with NTPs will help sports engineers in 
future surface and footwear design to improve performance and reduce the risk 
of player injury. A better understanding of the relationship between natural turf 
surface strength and moisture will provide a significant benefit to research in 
biomechanics and sports injury medicine and also to sport governing bodies 
and facilities providers who will benefit from improved surface quality that will 
attract viewers and assist international competitiveness from athletes. Players 
of both elite and recreational levels will benefit from improved surface 
performance, durability and safety, which will help promote participation in 
sport, which in turn should improve the health, wellness and well-being profile of 
the nation.   
 
The project has generated a unique dataset and developed MATLAB code to 
analyse how humans respond to changes in natural turf properties underfoot. 
The code that allows user improvements and represents a powerful tool 
compared to the standard commercial software and provides loading and 
pressure rate data. The Mohr-Coulomb soil parameters and the surface 
stiffness data are an important input for the development of soil models that 
could be used for the development of footwear design and also to be inputted 
into models of the human body. Ideally, an ideal model of soil-turf system would 
include dynamic data (not quasi-static data) to account for the rate-dependent 
aspect of behaviour in response to player load. The project provides two 
specific data sets for two of the most common soils in sport from which 
empirical models to predict soil shear strength and stiffness as a function of bulk 
density and moisture could be developed. This database could be expanded by 
gradually reducing the soil percentage of sand starting from the current sand-
based condition until the clay-based condition is reached. Such data can be 
applied in soil models of traction and stiffness. For example, the traction model 
developed by Godwin et al. (2007) predicts peak shear force at the point of 
shear failure as a function of soil parameters and implement geometry. This 
model could be fed with the Mohr-Coulomb soil mechanics data and adapted for 
a set of studs (interacting tines) to be used to determine the shear force on the 
boot sole, which will help footwear design. Project soil stiffness data could also 
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be used to be inputted into models of human body to study the effect of how 
different natural turf surfaces affect the biomechanics of players. 
 
5.3.1. Publications from this study 
 
• Stiles VH, Dixon SJ and James IT (2006) An initial investigation of 
human-natural turf interaction in the laboratory. The Engineering of Sport 
6, Vol 3: Developments for Innovation, 255-260. In: Proceedings of the 
6th international conference on the engineering of sport, 10–14 July 2006, 
Olympic Hall, Munich, Germany. 
 
• Stiles VH, Dixon SJ, Guisasola IN and James IT (2007) Biomechanical 
response to variations in natural turf surfaces during running and turning. 
Science, Technology and Research into Sport Surfaces (STARSS 2007). 
Loughborough, 2007.  
 
• Stiles VH, Dixon SJ, Guisasola IN and James IT (2008) Kinematic 
response to variations in natural turf during running. In: Proceedings of 
7th ISEA Conference, 2008 June 2-6 Biarritz. 
 
• Stiles VH, Dixon SJ, Guisasola IN and James IT (2008) Natural turf 
surfaces:  the case for continued research. Sports Medicine. Accepted, in 
press. 
 
• James IT, Guisasola IN (2008) Soil Management for Turf and Player 
Performance.  Presented to the Australian Turfgrass Conference, 2008 
July, Melbourne, Victoria. 
 
• Guisasola IN, James IT, Llewellyn C, Stiles VH and Dixon SJ (2008) 
Human-surface interactions: an integrated study. (In progress)  
 
Full copies of these papers can be found in the Appendix E.  
 
5.4. Evaluation of the research and further work 
5.4.1. Research limitations from the biomechanical study  
 
As exposed in Chapter 3 this research study incorporated different types of 
natural turf soil media into the biomechanics laboratory through the use of 
portable plastic trays in order to analyse biomechanical human response during 
sports performance with changes in natural turf mechanical properties. From a 
biomechanical perspective it is of primary importance to establish whether the 
natural turf conditions produced and incorporated into the laboratory are 
representative in terms of how humans perform typical movements on them 
compared to an outdoor sport pitch. In this sense, the incorporation of natural 
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soil media into the biomechanics laboratory presents a difficult challenge when 
it comes to providing suitable rooting depths to produce required turf stability 
and frictional coefficients that will allow players to perform properly. The 
portable natural turf runway solution was a reasonable attempt to overcome the 
limitations of incorporating natural turf soil media into the biomechanics 
laboratory.  The approach required natural turf to be transplanted into plastic 
trays (0.60 m x 0.40 m x 0.05 m), adequate to obtain the minimum rooting 
network to provide enough stability to simulate NTPs found outdoors. However, 
the limitations of this natural turf runway design include turf material shrinkage 
with variation of moisture content resulting in uneven runway aesthetics and 
increasing the risk of sporadic encounters with tray edges by the players, which 
could lead to variations in player step stride patterns affecting the biomechanics 
parameters.  To overcome most of these problems, the use of a non disruptive 
surface facility similar to the soil bin used by Dixon et al. (2008) where turfgrass 
could be introduced would be preferred for further research on the subject.  
 
The use of bigger containers to construct the natural turf runway such as the 
turf modules (1.2 m x 1.2 m x 0.2 m) supplied by GreenTech Systems (Bridgend, 
UK) would provide a more robust natural turf runway in the laboratory that could 
overcome the edge problem encountered in the present design, in that the new 
tray walls will fold down to join the neighbour producing a modular system 
without disturbing edges, improving the runway aesthetic and reduce stride 
pattern variations. However, due to the bigger size of the container some 
modification should be worked out in order to accommodate the force plate (0.6 
m x 0.4 m). The extra depth will allow for a greater rooting system development 
and a more reliable determination of the soil mechanical properties ‘in situ’ 
however, these dimensions imply that each one of the modules will weight 
approximately 500 kg, 25 times more than the trays used for this study. The 
extra weight will increase the weight over the force plate tray from 20 kg to 80 
kg, which may reduce the sensitivity of force measurement and increase the 
concerns about to what extent the measured force is representative of that on 
the player. Manual handling will not be possible and a special pallet fork/truck 
will have to be used, making the access to the force plate more difficult and 
reducing the mobility in the laboratory.  Compaction by manual rolling will not be 
suitable and a mechanical press would need to be used to achieve an even 
compaction throughout the whole tray, increasing cost and making the process 
of incorporating and sustaining turf in a biomechanics laboratory environment 
potentially more complex and more time consuming. 
 
In this study, human-surface interaction was assessed using laboratory-based 
natural turf surfaces. The reasons explained above demonstrate the difficulty of 
introducing natural turf in a laboratory environment. Moreover, sustaining 
natural turf growth in a laboratory environment is complicated due to the 
reduced capacity for natural turf to survive indoors away from fresh air and 
direct sunlight. When using a portable surface system it is very difficult to 
replicate a field conditions for anything but sand-based pitches as the real soil 
structural units (the soil aggregates) cannot be mimicked for such limited depths 
and settling times. It would be better to test outside the laboratory using field-
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based natural turf surfaces which represent a more sensible approach to the 
problem of assessing human-natural surface interaction. An outdoor approach 
would allow reconstructing natural game-play movements together a greater 
degree of freedom of movement. In this sense, it is recommended that the 
bigger containers described above are used for outdoor biomechanical testing 
as an existing sports field could be difficult to control in terms of soil properties. 
 
The motion analysis hardware used in this experiment is based on infra-red 
technology which limits its capability outdoors due to reflections and lighting.  
An alternative method to collect 3D motion in outdoor conditions could use high 
sampling rate digital cameras (Carré and Kirk, 2007). To avoid manual digitising 
and making use of image analysis techniques, similar identification and tracking 
algorithms of anatomical markers to those used by conventional motion analysis 
systems could be designed in a commercial software package such as 
MATLAB to determine kinematic data in three dimensions.  
 
The pressure insole devices are portable and can be used either in or outside of 
the laboratory. This study has shown the ability of such devices to detect subtle 
changes in pressures under the foot in response to variations in natural turf 
mechanical properties and player running behaviour. If synchronised force data 
in three dimensions needs to be determined, a device capable of measuring the 
other two horizontal orthogonal components, which the insole system cannot 
account for, would be necessary. There are commercial portable platforms for 
force and timing measurements such as the Accupower (AMTI, Watertown, 
Massachusetts) that have been proved to be valid and reliable (Walsh et al., 
2006) that could probably be installed in an outdoor natural turf runway to give a 
more complete representation of player behaviour. 
 
5.4.2. Research limitations from the mechanical study 
 
Despite the fact that significant differences between surfaces were not 
determined using such portable mechanical devices, the theta probe and the 
Clegg Impact Hammer (CIH) used during the biomechanical testing provided 
useful information to control the state of the NTP at all times and are 
recommended in any further research on NTP.  The different textures and 
densities selected suggested surfaces would have different mechanical 
behaviours (cushioning and frictional properties) for the variety of natural turf 
conditions tested, however it is uncertain whether those mechanical differences 
were too small to be detected using the CIH as it is was found out with player 
kinematics.  
 
The devices were limited for assessing the mechanical properties of the range 
of NTPs within the experiment. The Clegg Impact Hammer (0.5 kg) could have 
been too light to penetrate the turf and soil and so could be influenced more by 
the grass than the soil and so that could explain why the greater differences 
expected from a soil texture point of view were not detected. It is suggested that 
the use of a heavier hammer (2.25 kg) could be more suitable to determine the 
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soil-turf matrix hardness without causing too much damage to the surface. The 
lack of a smooth surface was seen to produce inconsistent data from the Clegg 
hammer in the study of turning movements and so it is not recommended its 
use in this case without modification of the device.  
 
The shear vane device used to measure shear strength suffered from the depth 
limitation of the portable system selected to build the turf runways. The 
compaction of the surfaces over time reduced the soil volume available for the 
correct operation of the vane, which needs to be inserted in the soil completely. 
It is suggested that unless the depth of the portable system is increased, a soil 
penetrometer (instead of the shear vane) would provide more accurate shear 
strength results, although these are very sensitive to moisture content 
(Bachmann et al., 2006).  It would also provide information on stud penetration 
depth where studded footwear is used. As mentioned in Chapter 3, at the time 
of the experiments were performed only the devices used were available for the 
project. 
 
The modified dynamic approach developed for determining soil dynamic 
stiffness discussed in Chapter 4 was sensible in that it overcame the incapacity 
to perform complete dynamic tri-axial testing with the available equipment for 
this study. This was due to the water pressure controllers that could not respond 
quickly enough to soil dynamic compaction by pumping water to maintain a 
constant pressure. The inability to carry out dynamic tri-axial testing prevented 
from calculating dynamic shear strength parameters. However, the dynamic uni-
axial compression approach used demonstrated the effect of moisture and 
loading rate on stiffness, although peak loading rate was limited by the 
maximum axial actuator velocity in the soil mechanics equipment.  The 
maximum peak loading rates obtained were one order of magnitude below the 
actual human loading rate when running which is in the range of 70-80 kN s-1. 
That rate dependency of soil strength reinforces the importance of determining 
the mechanical properties of sports surfaces at the actual strain rates that 
players perform in sports. For the purpose of testing with the actual player 
loading rates, a 20 Hz machine at least would be required.  Such equipment is 
rare world-wide and expensive.  There are a few extremely expensive devices 
capable of simulating this kind of stress/strain dynamic rates on the market, with 
operating frequencies of up to 50 Hz, such as the Dynamic Hollow Cylinder 
Testing System (GCTS Testing Systems, Tempe, USA). A dynamic tri-axial 
approach will enable determination of not only impact cushioning parameters 
such the dynamic stiffness but also frictional parameters as a function of shear 
strength.  
 
It is recognized that the approach followed in the present study suffers from 
border effects that could affect soil lateral free deformation. In this sense, a 
larger diameter plastic container would be advisable where possible to allow for 
free lateral movement as soil is compacted. Due to time constraints, the effect 
of grass rooting on dynamic stiffness could not be tested. It is suggested that 
further research introduces grass into the system so that a full description of the 
actual soil-turf matrix that makes up an NTP can be determined.  
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As proposed in Chapter 3, it is suggested that future work should determine 
kinematic human response when performing similar sports movements but with 
natural turf surface conditions that range from very wet to very dry sand and 
clay conditions.  By creating a greater range of hardness or stiffness, it is 
hypothesised that kinematic differences would be observed. Such extreme 
conditions may introduce practical surface construction issues due to swelling 
and shrinking of clay-based surfaces, together with ethical requirements to 
ensure the safety of players at all times.  By examining the full range of surface 
conditions of NTPs, the kinetic (vertical and horizontal) and kinematic 
differences of human interaction can be determined.  If no more significant 
differences are found, then there would be more evidence to support the 
hypothesis that humans tend to maintain similar kinetic responses and 
movement characteristics with changes in natural turf surface, which would in 
turn permit the modification of surface mechanical properties of NTPs without 
increasing the risk of injuries.  
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6. CONCLUSIONS 
 
The aim of the present research project was to increase understanding about 
the human-natural turf pitch (NTP) interaction. To achieve this aim, four key 
objectives were stated in Chapter 1. The following conclusions are aligned with 
those objectives:  
 
1. Two natural sports surfaces, a high sand content rootzone material used 
in the construction of natural winter sports surfaces as modern elite sand 
construction soccer pitches, and a clay loam used in the construction of 
elite cricket pitches and similar to many local authority winter sports 
surfaces, were successfully reproduced using a portable pitch system 
and tested in the biomechanical laboratory to study the effect that 
changes in natural turf has on the performance of human participants 
when performing typical running and turning sports movements. 
 
2. The stresses applied by nine participants and the human body geometry 
revealed changes for running on the above mentioned natural sports 
surfaces.  
 
a. Two subgroups within the nine participants were identified using k-
means cluster analysis.   
 
b. Significantly greater (p < 0.05, n = 8) kinetic values for peak 
vertical rate-of-loading (dFzmax) and peak pressure rate-of-loading 
(dPmax) were measured for Subgroup A running on the sand-
based (153.18 ± 7.17 BW s-1, 0.78 ± 0.06 BW mm-2 s-1) compared 
to the clay-based NTP (125.05 ± 6.49 BW s-1, 0.61 ± 0.06 BW 
mm-2 s-1). The change measured in the previous variables for 
Subgroup B was non-significant with the change in surface. 
 
c. Subgroup B yielded significantly lower (p < 0.05, n = 8) initial 
ankle joint angles (αi) compared to Subgroup A which revealed 
they were running flat-footed compared to Subgroup A who were 
running heel-toe. 
 
d. Although kinetic and kinematic differences between player 
subgroups were determined, there was no kinematic evidence that 
different subgroups modified their running behaviour based on the 
surface they performed on. This suggests that either players 
prefer to maintain similar leg geometries and stiffness when 
running on a variety of NTPs or alternatively, that the mechanical 
properties of the surfaces selected for the research may not have 
been sufficiently different to cause changes in player response 
during running. 
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e. In the same study, no significant kinetic differences were 
determined for the specific turning movement studied.  
 
3. The effect of moisture, density and grass rooting on the elastic moduli 
and the shear strength of the soil materials studied in the above 
mentioned natural sports surfaces were determined using quasi-static tri-
axial compression. 
 
a. In general, the values of the mechanical parameters such as the 
bulk, Young’s and shear modulus of both soil types increased 
significantly (p < 0.05) with increasing the bulk density. 
  
b. The clay-based soil presented a more acute change in mechanical 
properties with moisture content. 
 
c. Quasi-static stiffness of the sand soil followed a negative-
quadratic model shape behaviour with moisture, presenting the 
maximum stiffness at an optimum moisture content, as a result of 
the cohesion that water adds to the material. 
 
d. The Mohr-Coulomb strength analysis revealed greater frictional 
components for the sand whereas greater cohesive components 
were determined for the clay-based material. 
 
4. Dynamic soil behaviour was studied to determine material stiffness 
evaluated in response to the applied stress from the human participant 
over successive passes for running. 
 
a. The steady-state dynamic stiffnesses (kdmax) measured at the 
highest rate-of-loading achievable with the equipment used for the 
experiment (6.5 kN s-1) one order of magnitude lower than the one 
recorded in the biomechanical study, was significantly greater (p < 
0.001) for the sand-based soil (84.4 ± 0.9 MN s-1) than for the 
clay-based soil (33.5 ± 0.2 MN s-1) as a result of a larger 
deformation of the clay-based material within the normal moisture 
content range for sports such as football. 
 
b. The stiffness was significantly increased with greater rates of 
loading for all the conditions, as the stress is applied more quickly 
to the soil, the time to deform reduces and the overall soil strength 
increases as a result. 
 
c. The dynamic results highlight the importance of the elastic-plastic 
behaviour of soils (or the soil-turf matrix) and the difference in 
dynamic mechanical behaviour between soil types. The plastic 
component of soils, or the soil-turf matrix, increases the contact 
time between the human and the surface (or the ball and the 
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surface), reducing the peak impact loads on the body (or 
moderating ball rebound behaviour). 
 
The elastic component is essential for energy return to the player 
(or ball) and for resilience or recovery of the grass-soil matrix 
material. A high sand content surface, unlike a high clay surface, 
will present a greater intrinsic stiffness that implies an increased 
elastic behaviour that should benefit sport performance (within 
limits). In turn, a reduced plastic deformation could imply greater 
peak load being transferred to the players and so it may imply a 
greater risk of injury.  
 
Therefore, the present study furthers the understanding of how 
visco-plastic soil behaviour affects the player-surface interaction in 
sport and will inform engineering and management of how a 
biomechanical and mechanical integrated approach is the way 
forward to improve natural turf sports surfaces for greater 
sustainability, maximum usage at minimum risk of injury.  
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8. APPENDIX A: Soil nutrient analyses 
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9. APPENDIX B: Flow diagrams for MATLAB scripts 
 
Flow diagram for the image analysis subroutine (Digimatic.m) developed in 
MATLAB to digitize footprint profiles. X and Y represent the location coordinates 
within the image. 
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Flow diagram for insole pressure data analysis. It includes the following 
subroutines: Insole.m and insoleLR. F, A and P represent the force, contact 
area, pressure and number of activated force transducer as a function of time (t) 
for a right single footstep, respectively. There are 4 transducers per cm2. The 
subscripts T, R and F refer to the total, rear and fore right foot. 
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10. APPENDIX C: Clegg Impact Hammer Calibration 
Certificate 
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11. APPENDIX D 
 
Before clustering players into subgroups, the ANOVA (p < 0.05) showed no 
showed no significant differences for running between conditions in terms of 
pressure.  
 
Kinetic variables SS df MS SS df MS F p
Fz
max (BW) 0.00 1 0.00 5.15 151 0.03 0.0009 0.9756
t_Fz
max (s) 3279.25 1 3279.25 287684.25 151 1905.19 1.7212 0.1915
dFz
max (BW s-1)* 6645.93 1 6645.93 446044.23 151 2953.94 2.2499 0.1357
t_dFz
max (s)* 18.50 1 18.50 31357.03 151 207.66 0.0891 0.7657
Amax (mm2) 84.32 1 84.32 11466.21 151 75.94 1.1105 0.2937
Ā (mm2) 42.32 1 42.32 5209.96 151 34.50 1.2265 0.2698
Pmax (BW mm-2) 0.01 1 0.01 0.79 151 0.01 1.3342 0.2499
t_Pmax (s) 4904.10 1 4904.10 468181.44 151 3100.54 1.5817 0.2105
dPmax (BW mm-2 s-1)* 0.00 1 0.00 0.00 151 0.00 1.2531 0.2647
t_dPmax (s)* 152.11 1 152.11 198267.66 151 1313.03 0.1158 0.7341
PR
max (BW mm-2) 0.00 1 0.00 0.62 151 0.00 0.0036 0.9522
t_PR
max (s) 4588.86 1 4588.86 183733.70 151 1216.78 3.7713 0.0540
dPR
max (BW mm-2 s-1)* 0.00 1 0.00 0.00 151 0.00 0.0677 0.7951
t_dPR
max (s)* 1057.02 1 1057.02 29530.95 151 195.57 5.4048 0.0814
PF
max (BW mm-2) 0.01 1 0.01 0.72 151 0.00 2.0444 0.1548
t_PF
max (s) 1382.91 1 1382.91 95512.67 151 632.53 2.1863 0.1413
dPF
max (BW mm-2 s-1)* 0.00 1 0.00 0.01 151 0.00 0.0242 0.8766
t_dPF
max (s)* 80.89 1 80.89 144690.77 151 958.22 0.0844 0.7718
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12. APPENDIX E: Copies of Papers Published from 
this project 
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